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Many ancient Greek and Latin epigraphs, once clear text on limestone and
marble, have weathered and worn over the course of many centuries so that the
words written on them are no longer legible. X-ray ﬂuorescence, a common non-
destructive chemical analysis technique, is extended to synchrotron-based X-ray
ﬂuorescence imaging, with which we can map the relative concentrations of many
elements near the surface of a stone epigraph. We investigate the application of
X-ray ﬂuorescence imaging to these epigraphs.
Initial results show an association between ﬂuorescence intensity from trace
elements near the surface of an epigraph and the presence of a glyph carved in the
stone. Further, it is demonstrated that mapping this ﬂuorescence intensity can, in
some cases, improve legibility of the text beyond the capabilities of the unaided
eye. Further investigations explore in more detail the usefulness of diﬀerent trace
elements for imaging text, potential origins of these trace elements, ﬂuorescence
intensity eﬀects associated with the physical topography of the stone, and the
application of statistical analysis techniques to X-ray ﬂuorescence imaging data.
We also apply our methods to an epigraph of uncertain provenance, demonstrating
that the evidence provided by X-ray ﬂuorescence indicates that it is a modern copy
of another epigraph.BIOGRAPHICAL SKETCH
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viiiCHAPTER 1
X-RAY FLUORESCENCE RECOVERS WRITING FROM
ANCIENT INSCRIPTIONS
J. Powers, N. Dimitrova, R. Huang, D.-M. Smilgies, D. H. Bilderback, K. Clinton
and R. E. Thorne
1.1 Introduction
Although epigraphy has proﬁted from modern technology in recent years, little has
been done to signiﬁcantly improve the legibility of heavily weathered and worn
stone surfaces. In 1992, M. Chambers published successful results obtained by
illuminating a marble Greek inscription with two red laser beams directed through
the stone [7]. In 2004, collaboration between the Physics and Classics Departments
at Cornell University and the Cornell High-Energy Synchrotron Source (CHESS)
led to the application of X-ray ﬂuorescence (XRF) to measure and map the con-
centrations of trace elements in the surfaces of three marble inscriptions1. The
images created in this way correspond exactly to the published text of the inscrip-
tion, both when traces of letters are visible with the naked eye and when they
are barely detectable. This method is eﬀective for naturally worn surfaces but not
intentionally erased surfaces. XRF has the potential to become a general tool for
recovering legible images from abraded lettering, and can be implemented using a
portable device.
1We wish to acknowledge with gratitude the help of Professor Roger Bagnall of
Columbia University and the staﬀ of the Butler Library.
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1.2 Experiment
1.2.1 X-ray ﬂuorescence
In X-ray ﬂuorescence (XRF), a sample is illuminated with high-energy X-ray ra-
diation. Atoms near the sample surface absorb X-ray photons and become excited
into higher energy states. After a very short time interval, these atoms decay to
their ground states, emitting X-ray radiation.
In order to excite X-ray ﬂuorescence from a given element, an incident X-ray
photon must have suﬃcient energy to remove an electron from an inner shell.
The energies of the ﬂuorescent X-ray photons depend upon the element (e.g. Ca,
Fe, Pb) and the state into which the incident photon excites the element. They
depend only very weakly upon the chemical environment of the element. Thus,
the spectrum of ﬂuorescence photon energies allows the elements present in the
illuminated volume to be determined. The emitted intensities at each energy
provide information about elemental concentrations. By raster scanning a sample
through the X-ray beam and recording the emitted radiation at each position, a
map or image of the distribution of each element in the sample can be generated.
A signiﬁcant fraction of the incident X-rays are scattered rather than absorbed
by the sample and a fraction of these reach the detector. X-rays that undergo
coherent (elastic) scattering reach the detector with their energy unchanged. X-
rays that undergo incoherent (Compton inelastic) scattering, in which they lose
some energy to electrons in the atoms without being absorbed, reach the detector
with a slightly lower energy.3
1.2.2 Experiment
Experiments were conducted at the Cornell High-Energy Synchrotron Source (CHESS).
The synchrotron’s hard-bend magnets produce “white” (polychromatic) X-ray ra-
diation with a maximum useful energy of about 30 keV. A 25.5 ˚ A W:C multilayer
monochromator with a 1.23% band pass selected out photons with an energy near
16 keV, corresponding to an X-ray wavelength of 0.8 ˚ A. Two pairs of mechanical
slits deﬁned a beam size of 0.5 × 0.5 mm or 0.2 × 0.2 mm, depending on the size
of the letters to be examined. Ion chambers measured the intensity of the incident
X-ray beam both before and after the beam-deﬁning slits, providing a reference
intensity. The incident photon ﬂux was roughly 7 × 1011 photons/sec/mm2.
The incident X-ray beam was directed perpendicular to the plane of the in-
scribed stone surface. Fluorescent and back-scattered X-rays were recorded by an
energy dispersive X-ray detector, oriented at roughly a 160◦ angle from the X-ray
beam. A multi-channel analyzer (MCA) counted the number of detected photons
in each of 1024 energy bins spanning the energy range between 0 and 20 keV. The
MCA provided a reference signal to account for detector dead time, and normal-
ized the photon count to the incident X-ray beam strength using the ion chamber
output.
Due to changes in local surface orientation in inscribed regions and to general
surface roughness, the angle of the incident and scattered/ﬂuorescent X-rays rela-
tive to the illuminated surface varied from point to point during a scan. In some
places the path to the detector passed through marble in adjacent regions, produc-
ing attenuation. These eﬀects combined to produce uncertainties in quantitative
interpretation of the image data.
In order to detect X-ray ﬂuorescence from a given element, the emitted photon4
must have suﬃcient energy to escape the sample and reach the detector. With
our air-ﬁlled paths between sample and detector, this required a minimum photon
energy of roughly 3 keV. Strong Ca ﬂuorescence from CaCO3, the primary con-
stituent of marble, dominated the energy range from 3 to 4.5 keV. Consequently,
with a 16 keV incident beam our experiment was sensitive to the K lines of ele-
ments 20 (calcium) to 38 (strontium) and to the L lines of elements 56 (barium)
to 83 (bismuth). These elements include those common in ancient pigments and
tools with the notable exception of tin, whose ﬂuorescence energies for a 16 keV
incident beam fell within the large Ca ﬂuorescence peak.
The inscribed stones were clamped in a vertical orientation to a carriage mounted
on a pair of motorized, computer-controlled translation stages. The x-axis stage
scanned the stones horizontally, with a range of motion of more than 40 cm and
a resolution of about 20  m. The z-axis stage displaced the stones vertically after
each horizontal scan, with a range of motion of about 5 cm and a resolution of
about 1  m. For the inscriptions examined, this x-z range was suﬃcient to scan
one to two letters vertically and more than ﬁve letters horizontally. Although
this range was small compared to the total inscribed area, scan sizes were more
constrained by the time for data collection and by handling the large amount of
data produced. Optical ﬂuorescence from the marble induced by the incident X-
ray beam was found to be very helpful in deﬁning the region to be scanned. For
coarse positioning of the inscribed stones, a manually adjustable table provided an
additional 50 cm of range in x and z.
Translations and MCA data collection were automated using the SPEC soft-
ware package2. Data were analyzed using the MCASPEC package3, which runs
2SPEC: Certiﬁed Scientiﬁc Software. http://www.certif.com/
3MCASPEC: Dr. Rong Huang, Advanced Photon Source, Argonne National5
under MATLAB. MCASPEC plots the full spectrum (counts versus energy bin)
for any position on a sample’s data collection grid, calibrates the energies of the
spectra using multiple reference points, and performs corrections based on the
MCA’s dead-time correction signal. It determines the ﬂuorescence intensity for a
particular element by summing (after background subtraction) the number of X-
ray photons detected within the characteristic energy range of that element. The
resulting intensities for each element at each position on a surface can be displayed
as a color-mapped image.
1.2.3 Inscriptions
Three marble inscriptions were investigated: CIL VI 35066 (Butler Library Inv.
No. L 13), IG II2 1969 (Butler Library Inv. No. G 475), and CIL VI 12139 (Butler
Library Inv. No. L 407). Their speciﬁc post-inscription history and the physical
conditions to which they were exposed are not known. Stones of this type were
typically chiseled ﬂat and then inscribed using ﬂat-bladed and pointed iron chisels.
The letters were often painted, but no remaining paint was visible to the eye on any
of the three inscriptions. One inscription, CIL VI 12139, contained some residual
material in the most deeply inscribed areas that appeared to be dirt. Paints used
in antiquity included entirely organic pigments [4] made up of carbon, oxygen,
and hydrogen, which could not be detected with our present XRF equipment, and
pigments containing metals, many of which should be readily detectable.
Lab.6
Figure 1.1: CIL VI 35066 (Butler Library Inv. No. L 13). H. 26.5 cm; W. 33
cm; Th. 3 cm. This Latin inscription shows few signs of weathering or wear and
is clearly readable with the unaided eye under normal illumination. The last line
was intentionally erased in antiquity and is illegible. The lighting used may cause
the letters to appear raised; this is not the case.7
Figure 1.2: IG II2 1969 (Butler Library Inv. No. G 475). H. 30.5 cm; W. 24
cm; Th. 10 cm. This Greek inscription has smaller and shallower letters than
the Latin inscriptions. The overall topography of the surface is quite rough but it
appears to be evenly weathered. Aside from a damaged area in the bottom right,
the inscription is fully legible.8
Figure 1.3: CIL VI 12139 (Butler Library Inv. No. L 407). H. 63.5 cm; W. 40.5
cm; Th. 6.5 cm. The surface of this Latin inscription has been naturally eroded
and is nearly completely worn in parts. Details in many of the letters are not
readily visible to the unaided eye.9
1.3 Results
1.3.1 CIL VI 35066
CIL VI 35066 was examined ﬁrst, using a 0.5 mm beam, to see what XRF could
reveal in a legible inscription. Although some characters are shallower in parts, this
inscription shows few signs of weathering and is clearly readable with the naked
eye under normal lighting. The only signiﬁcant damage is in the last line, which
was intentionally erased in antiquity [29].
A ﬂuorescence spectrum taken on an inscribed region indicated the presence
of iron, zinc, and lead, with smaller amounts of other trace elements (Fig. 1.4).
Uninscribed regions showed much smaller but still signiﬁcant concentrations of
these elements. The strong calcium ﬂuorescence signal associated with CaCO3
was reduced in inscribed regions. This may have resulted from surface roughness
or from absorption by metal atoms at the surface of the inscribed areas.
Inscribed areas showing more wear yielded lower iron and zinc ﬂuorescence and
higher calcium ﬂuorescence compared with less worn areas. This can be seen in
Fig. 1.5, which shows the letter ‘D’ using iron and calcium ﬂuorescence.
Figure 1.6 shows part of the erased area and its corresponding iron ﬂuorescence
image. The latter shows some marks, including those directly visible to the eye,
but clear writing could not be discerned. The iron level in erased and inscribed
regions is comparable, suggesting that the iron in both cases is derived from tool
wear and that similar tools were used for inscribing and erasing.10
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Figure 1.4: X-ray spectrum from an inscribed point (black line) and an unin-
scribed point (gray line) on CIL VI 35066. The elemental electronic transitions
responsible for prominent ﬂuorescence peaks are marked. Peaks I and C are in-
coherent (Compton inelastic) and coherent (elastic) scattering, respectively from
the incident 16 keV X-ray beam.11
Figure 1.5: The letter ‘D’ on the third line of Fig. 1.1, CIL VI 35066. From top
to bottom, an optical image, an iron ﬂuorescence (Fe Kα) image, and a calcium
ﬂuorescence (Ca Kα + Kβ) image, respectively. The letter can easily be discerned
with the unaided eye under normal lighting. Inscribed areas show higher iron and
lower calcium levels, an eﬀect that is reduced in more worn regions such as the
upper right portion of the letter.12
Figure 1.6: An intentionally erased area on CIL VI 35066, imaged optically (top)
and using iron (Fe Kα) ﬂuorescence (bottom). Neither image shows discernible
text, although the iron ﬂuorescence level is comparable to that found in inscribed
text.
1.3.2 IG II2 1969
IG II2 1969 is more weathered than the ﬁrst sample examined but the weathering
is relatively even. It has smaller and shallower letters, and so a 0.2 mm beam was
used. Unlike the other two inscribed marble stones, this stone did not phosphoresce
in the visible region of the spectrum under X-ray irradiation, suggesting a diﬀerence
in marble composition.
X-ray ﬂuorescence spectra (Fig. 1.7) from inscribed regions indicated the pres-
ence of several elements, including iron, zinc, lead, and copper. All of the trace
elements except copper were clearly present in larger concentrations in the in-
scribed regions than in the uninscribed regions.
However, iron ﬂuorescence images of a letter Σ (Fig. 1.8) are not as clear as for
CIL VI 35066. The source of this problem is that the variation in iron ﬂuorescence
levels among points is large compared to the diﬀerence between the average iron
ﬂuorescence levels for inscribed and uninscribed areas. These variations are, how-13
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Figure 1.7: X-ray spectrum from an inscribed point (black line) and an uninscribed
point (gray line) on IG II2 1969. Prominent ﬂuorescence peaks are marked. The
peaks I and C are incoherent (Compton inelastic) and coherent (elastic) scattering,
respectively.14
Figure 1.8: A letter Σ on IG II2 1969. From top to bottom, an optical image (taken
from Fig. 1.2), an iron ﬂuorescence (Fe Kα) image, and a calcium ﬂuorescence (Ca
Kα + Kβ) image. Inscribed regions show somewhat higher iron ﬂuorescence.
ever, a factor of 10 larger than the expected statistical ﬂuctuations in photon count
and so reﬂect actual concentration diﬀerences. Similar intensity variations were
observed for the other trace elements. This suggests that the elements present in
the background may have been introduced by tools used in ﬂattening the surface,
but similar levels of variation were not observed in the other inscriptions.
1.3.3 CIL VI 12139
The Latin inscription CIL VI 12139 is well-suited to XRF examination. The letters
are large, so a 0.5 mm beam and a coarse scan could be used to increase measured
ﬂuorescent photon counts and decrease data collection time. The surface has been
naturally eroded and is nearly completely worn in parts. Details in many of the15
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Figure 1.9: X-ray spectrum from an inscribed point (black line) and an uninscribed
point (gray line) on CIL VI 12139. Prominent ﬂuorescence peaks are marked. The
peaks I and C are incoherent (Compton inelastic) and coherent (elastic) scattering,
respectively.
letters are not readily visible to the unaided eye, as can be seen in Figure 1.3.
Typical spectra from inscribed regions indicated the presence of iron, zinc, lead,
and copper (Fig. 1.9) at much higher concentrations than in uninscribed regions.
Lead contrast was particularly strong and, as in CIL VI 35066, calcium ﬂuorescence
was generally lower in inscribed regions.
Three segments of text that contained heavily worn letters or letter fragments
were scanned. Figure 1.10 shows the ﬁrst scanned segment. In the optical image,
the left and center strokes of the ‘A’ and right stroke of the ‘V’ are particularly
faint. The iron ﬂuorescence image is not a signiﬁcant improvement, but the lead
ﬂuorescence image clearly shows the full original lettering. The poorer contrast
in the iron image is due to large background iron levels in the uninscribed areas,16
Figure 1.10: A worn region of text (“IVSAL”, part of line 6: A   Popillius   A  
l   Chrestio) on CIL VI 12139. From top to bottom: an optical image, an iron
ﬂuorescence (Fe Kα) image, and a lead ﬂuorescence (Pb Kα) image. The letters
are legible with the unaided eye using oblique lightning, but more worn portions
of some letters cannot be discerned. Inscribed regions show higher iron and lead
ﬂuorescence.
either due to iron impurities present in the marble or to iron residues from tool
wear during initial surface ﬂattening. The background lead levels in uninscribed
regions are much smaller, producing much larger contrast between inscribed and
uninscribed regions.
Lead ﬂuorescence was again the most revealing in the two other regions scanned,
shown in Figure 1.11. Wear patterns are similar in all regions. The ‘A’, one leg
of the ‘V’, and the ‘C’ are heavily worn but easily visible in the lead XRF image.17
Optical observation under high magniﬁcation shows no visible diﬀerences between
inscribed and uninscribed regions that would indicate diﬀerences in composition.
1.4 Discussion
X-ray ﬂuorescence data indicate that many elements are introduced into the stone
by inscription and that the suitability of a particular element for recovering text
varies among inscriptions.
The origins of the trace elements observed by XRF in inscribed regions are
unclear, although they are most likely derived from the tools and paints used in
the original inscription. Iron residues may be due to wear of iron/steel chisels.
The large background iron levels seen in uninscribed regions suggests the use of
iron tools for initial surface ﬂattening. Iron ores and ancient steels can contain
small amounts (roughly 1%) of copper, but negligible amounts of lead and zinc.
Iron in inscribed regions may also be due to iron-containing red, yellow (massicot)
and ochre pigments; the use of red pigments was especially common. Similarly,
lead in inscribed regions may be due to lead-containing white, yellow, and red
pigments, and copper may be due to green (malachite) or blue (azurite) pigments.
However, since inscribed letters were typically painted with one or at most two
pigments, the coincidence of all three elements at the same point in an inscription
(as in Figure 1.9) is a bit surprising. Even more surprising is the presence of large
concentrations of zinc, an element not found in steels or in common pigments.
The coincidence of copper, lead, and zinc could indicate the use of tools made
from bronze alloys. Bronze will cut marble, but not as well as iron or steel. It
is more expensive and harder to make, and alloys with suﬃcient hardness are
more brittle. Tin, the other major constituent of bronzes, could not be examined18
Figure 1.11: Two worn regions of text from CIL VI 12139 and their corresponding
lead ﬂuorescence images. As in Fig. 1.10, the letters are decipherable with the
unaided eye using oblique lightning, but more worn parts of letters cannot be
discerned. The letters of the upper text are “VSALCH”, part of line 7: A  
Popillius   A   l   Chresimus; the lower, “LLAC”, part of line 8: Popillia   A  
l   Lache. Strong lead ﬂuorescence is visible even in the heavily worn inscribed
regions.19
because the 16 keV X-rays used to illuminate the stones could not excite tin’s K
X-ray ﬂuorescence. Additional experiments to evaluate tin concentrations would
help resolve the source of these elements.
Based on the present very limited data, lead — when present — may be par-
ticularly useful in recovering text. For CIL VI 12139, rough calculations indicate
that the average lead ﬂuorescence intensity in inscribed regions corresponds to a
thickness of pure lead of 10 nm. The X-rays sampled a depth on the order of 100
 m. If the lead were evenly distributed over this depth, its concentration would
be roughly 100 ppm. Extrapolating measured high-temperature diﬀusion rates of
lead in single-crystal, crack-free calcite [8] (a primary constituent of marble) to
typical environmental temperatures gives diﬀusion distances of less than one unit
cell. Thus, simple lattice diﬀusion cannot account for the presence of lead in re-
gions eroded to depths on the order of a millimeter beneath the original contours
of the inscribed stone. Diﬀusion or other means of transport (e.g., inﬁltration of
acidic rain containing dissolved carbon dioxide) along cracks and grain boundaries
is more likely responsible for the persistence of lead in the eroded marble surface.
1.5 Summary
The present experiments have established the potential of X-ray ﬂuorescence to
reveal traces of letters on abraded surfaces of ancient inscriptions, and to provide
information about how the inscriptions were created. The small number of inscrip-
tions examined here is not suﬃcient to establish this method’s overall eﬀectiveness
and the factors relevant to its successful application. A proof-of-concept study
on an inscription with unrecovered text is required. This should employ a uni-
formly but modestly eroded stone and more advanced data collection and analysis20
protocols to maximize ﬂuorescence signal-to-background and to extract character
patterns from noisier data. Characterization of the composition of ancient marbles,
tools and pigments by XRF or related techniques, together with an understanding
of how tool and pigment residues weather, wear, and inﬁltrate marble would be
valuable in interpreting observed trace element concentrations and distributions.
With further development, X-ray ﬂuorescence has the potential to become an es-
sential tool in epigraphy. By revealing text that has long been hidden, it may shed
new light on many ancient civilizations.
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X-RAY FLUORESCENCE IMAGING ANALYSIS OF ANCIENT
GREEK AND LATIN EPIGRAPHS
J. Powers, R. E. Thorne, K. Clinton, N. Dimitrova
2.1 Introduction
Many ancient texts written in stone have become weathered and worn over time,
reducing their legibility. Epigraphers routinely use squeezes and raking light to
enhance the legibility of epigraphs. These methods rely on the topography of the
stone’s surface — the physical variations in depth created by the author’s chisel.
X-ray ﬂuorescence (XRF),a nondestructive chemical analysis technique, is widely
used in art and archeology to determine the composition of artifacts, aiding the
study of their provenance. [20] Using the extremely intense X-ray beams pro-
duced by synchrotron sources, XRF analysis of a small spot on a sample can be
performed in seconds, so that many diﬀerent spots can be quickly examined. By
raster scanning the beam across an object’s surface and acquiring ﬂuorescence
spectra at each point on a grid, spatial variations in chemical composition can be
mapped out. XRF imaging has been used to image cellular structures and bio-
logical tissues, to diﬀerentiate layers in paintings [43], and to observe the original,
overwritten text of the Archimedes palimpsest.
In 2005, we reported the ﬁrst application of X-ray ﬂuorescence imaging (XRFI)
to the recovery of ancient stone epigraphs. [34] We found trace elements near
the surface of the stone whose concentrations are correlated with the presence of
written text. Detectable concentration diﬀerences between an inscribed line and
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the uninscribed background can remain even when the area is so worn that the
inscribed line cannot be seen by surface topography. This suggests the possibility
of using XRF imaging to recover ancient stone texts.
Here we describe work towards developing XRFI as an eﬀective tool for studying
ancient stone inscriptions. We have examined more than 20 ancient Greek and
Latin inscriptions. We investigate the possible origins of trace elements observed
in both inscribed and uninscribed regions, discuss how surface topography aﬀects
ﬂuorescence, and show how principal components analysis can be used to illuminate
complex features in XRFI data.
2.2 Greek and Latin Epigraphs
2.2.1 Types of epigraphs and their production
All of the epigraphs investigated in this paper are Latin and are marble or lime-
stone. Epigraphs are divided into two general classes: tituli and acta. Tituli
are proper epigraphs; they are characters carved on monuments or other objects
to denote their purpose. Most available tituli, including those we investigated,
are epitaphs, though this category also includes dedicatory inscriptions, honorary
inscriptions, and inscriptions on portable objects. Acta are public or private doc-
uments that have been inscribed on a durable material — in this case, stone. This
category includes treaties, laws, decrees of ruling bodies, public documents, private
documents, and graﬃti.
Tituli such as epitaphs and those found on public monuments have clear, deeply
cut characters. These characters were inscribed with a chisel and hammer.The
composition of the chisels is rarely discussed in the historical record. Iron was the23
dominant metal for tools and weapons, though tools and objects of bronze and
other metals were still used. [15] To ensure straight lines of text, parallel lines
were marked with coal, chalk, or pigment or lightly inscribed with a sharp metal
tool. The accuracy of the lettering suggests that individual letters were outlined
before they were incised. Letters on epitaphs and other tituli were often made
more clearly legible by painting them. Epigraphs painted in black, red, and blue
are known, and the historical record descripes epigraphs with black text on a white
ground. There are also unprofessional tituli, called scriptura vulgaris, where the
letters are cut without guide lines or outlines.
Acta, including graﬃti, arose from a tradition of painting public announcements
onto building walls with red or black paint. These inscriptions were scratched onto
walls or onto more portable pieces of stone using a large stilus or graphium. Graﬃto
works were generally not painted. [26, 38]
The creation of these epigraphs and their subsequent weathering can result
in diﬀerences in the concentration of some elements between the inscribed letters
and the uninscribed face of the stone. Tool wear during carving with a metal
chisel can leave residues from the chisel on the carved stone. The reverse — the
transfer of worked material onto a tool — has been observed and experimentally
demonstrated for prehistoric stone tools working wood and bone. [39, 40] Painting
the text introduces new compounds and elements onto the stone’s surface. Some
may migrate over time through cracks and grain boundaries, penetrating below
the original inscribed and painted surface. Subsequent weathering and erosive
processes may remove or chemically modify surface layers, and may aﬀect inscribed
and uninscribed regions of the stone diﬀerently. The objective of the present work
is to examine the elemental concentration variations over the surfaces of a variety24
of ancient marble and limestone epigraphs, and to use this information to better
understand how XRF imaging may be used to study and recover ancient text.
2.2.2 Marble
Carrara marble, often used for Latin epigraphs, contains less than 100 ppm Fe.
Other common ancient Greek and Roman marbles contained less iron. [23] Another
study showed concentrations of 500-600 ppm FeO in Carrara marble. [9] Typical
ancient Greek and Roman marbles have a grain size of 0.5 to 4 mm and consist
of crystals of calcite (CaCO3), aragonite (CaCO3), and dolomite (CaMg(CO3)2)
with assorted accessory minerals, primarily aluminosilicates, containing Fe, V, Ti,
Al, and Mg. [5] Among marbles from many ancient quarries, the ratio of Ca to Sr
ranges from 4 to 35. [19]
2.2.3 Weathering, encrustation, and patinas
Limestone and marble are chemically weathered by nitrogen oxide, carbonaceous
particles containing metals, CO2, ammonia, ozone, acids, sulphides, mercaptans,
sea spray, and microorganisms. Outdoor CaCO3-based rocks are attacked by
gaseous acids, and the resulting soluble salts crystallize in pores and on the surface.
Indoor stones and marble works of art appear to have damage similar to outdoor
marbles in the long term – the formation of gypsum, nitrates, chlorides, ﬂuorides,
and black crusts. Attack by lichens and other biological systems and mechanical
disruption of the stone by thermal variations or repeated wetting and drying also
contribute to stone degradation. [32] Modern degrading limestone produces black
crusts containing ﬂy-ash from burning oil and coal and other often-anthropogenic
particles embedded in a calcite-gypsum cement. Study of older limestone shows25
that pre-industrial urban environments created similar weathering crusts from the
burning of wood. [2]
A study on crusts formed on monumental building stones in an area in Greece
with heavy industrial pollution showed the presence of many trace elements, up
to the following concentrations (ppm): Mn, 500; Fe, 16%; Ni, 100; Cu, 100; Zn,
500; Br, 50; Sr, 1000; Pb, 350. The reaction of calcite with compounds in air or
rain cause the recrystallization of calcite and the formation of gypsum, producing
an iron-rich crust on the surface of the stone that traps airborne particles and
other compounds. Statistical analysis indicates correlations between groups of
elements. The heavy metals are strongly correlated with the presence of a visible
crust and are the result of accumulated deposition; airborne particles are probably
the source of Ca and Br (as well as Si, S, and Cl). Lead, zinc, and copper are
probably anthropogenic. Nickel and strontium (and K) are probably the result
of soil dust. Iron, manganese, and strontium are contained in the underlying
rock. Manganese (and Y) is associated with rain exposure and a black-gray crust.
[28] Another study of crusts and patinas on the Parthenon, also in an area with
industrial pollution, showed black crusts on marble sheltered from rain. The black
crusts, about 300  m thick, consisted primarily of gypsum (as low as 42% CaO)
trapping black particles, dust, and salt crystals. The patinas, about 100–150  m
thick, consisted predominantly of calcium oxalate, trace minerals, iron oxide, and
gypsum. X-ray ﬂuorescence of the patinas indicates Ca, Fe, Zn, Pb and Sr as
major elements. A patina from Erechtheum showed much more Pb (1.7%) than
the one from the Parthenon (0.2%); the author suggests that an ochre (iron oxide)
from Laurium containing cerrusite (lead oxide) had been used to paint the marble.
[21]26
A study of recent limestone and marble gravestones in rural areas of the U. S.
and Canada measured the rate of weathering for stones in areas with diﬀerent levels
of air pollution. In all cases, the stones examined exhibited granular weathering,
where the surface of the stone recedes more or less evenly; the edges of inscribed
letters recede faster, and the ﬂat stone face recedes faster than the deepest-cut part
of the inscribed text, gradually rendering the stones illegible. The lowest average
weathering rate for vertically-oriented marble stones was about 1  m/yr; this was
found in the Great Plains, the southern U. S., and maritime Canada — areas with
low SO2 input. Higher weathering rates were found in upper Midwest small towns,
which have higher SO2 input; the highest average rate, 16  m/yr, was in northern
Missouri. [27] Applying the lowest weathering rate, a 2000-year-old epigraph would
have roughly 2 mm of weathering. The larger epigraphs we have studied have text
cut 2–5 mm deep; the smaller ones have text 1–2 mm deep. Many of the epigraphs
we have studied have not been weathered nearly this extensively; either they were
sheltered from the rain, protected by a coating, or were otherwise subject to much
slower weathering.
An organic treatment often applied in antiquity for preservation appears to
be the cause of a widespread and common patina consisting primarily of calcium
carbonate and calcium oxalate (CaC2O4). In a study of anthropogenic patinas on
Spanish monuments, the patinas were 20–40  m thick and contained S, P, Fe, Cl,
and Zn in addition to calcium carbonate and oxalate. The calcium oxalate and
trace elements are the result of the breakdown of the organic pastes applied in
antiquity. Experiments show that these pastes can also contribute alkalai metals,
Mg, Mn, and Fe to the patina. Environmental exposure and weathering can also
introduce iron oxide and hydroxide, phosphates, and gypsum (produced by the27
reaction of calcium carbonate with sulfur-containing compounds). These patinas
slow the weathering of the stone’s surface due to water washing and acid rain.
Similar patinas can also be produced by microorganisms and lichens or by the
natural recrystallization of calcite. [6, 16, 22, 30]
2.2.4 Pigments
Minium and vermilion were often used as pigments and frequently referred to
in historical literature. These terms have been used to refer to a variety of red
pigments composed of mixtures of cinnabar (HgS) and red lead (Pb3O4). [14]
Raman spectroscopic analysis has shown a number of samples of red pigments to
be composed of mixtures of these two compounds. [12] Vitruvius (1st century
B.C.) documents the use of many other pigments: ochre, red ochre (Fe2O3), or-
piment (yellow, As2S3), red arsenic, malachite (green, Cu2CO3(OH)2), lapis lazuli
(blue, Na8−10Al6Si6O24S2−4), carbon black, copper blue, purple yellow ochre (pur-
ple, Fe2O3), white lead (PbCO3), and copper acetate (green, Cu2(CH3CO2)4). [41]
Realgar (orange-red, As4S4), azurite (blue, Cu3(CO3)2(OH)2), and lead oxides were
also known in classical times. [18]
Analysis of painted objects from the Roman era, including statuary, pottery,
and wall paintings from Greece, Italy, and Britain show evidence of a wide vari-
ety of pigments. Beyond those listed above, there is evidence of: anatase (white,
TiO2), copper carbonates, pararealgar (yellow-orange, AsS), hematite (red, Fe2O3),
alumina (white, Al2O3), calcite (white, CaCO3), goethite (brown, FeOOH), glau-
conite (blue-green, a Fe-Al-Mg aluminosilicate), celadonite (blue-green, a Fe-Al-Mg
silicate), iron oxides, cuproriavite (Egyptian Blue, CaCuSi4O10), limonite (yellow-
brown, FeOOH). [1, 10, 11, 13, 25, 31]28
2.3 Method
In X-ray ﬂuorescence imaging, a sample is illuminated with a small-diameter beam
of high-energy X-ray radiation. Atoms near the surface of the sample become
excited into higher-energy states by absorbing photons. Upon decaying to their
ground states a short time later, the atoms emit X-ray radiation. The energies of
the ﬂuorescent photons depend upon the atom (i.e., the element) and the state into
which it was excited and are insensitive to the atom’s state of chemical bonding.
Thus, the photon energies allow the elements present in the illuminated volume to
be identiﬁed, and the ﬂuorescence intensities at each energy provide information
about the concentration of that element. By raster scanning the sample through
the X-ray beam, recording the emitted radiation at each position, a map or image
of the distribution of each element in the surface of the sample to be made.
Our experiments were conducted at the Cornell High-Energy Synchrotron Source
(CHESS) using X-ray radiation produced by accelerating positrons with a bend
magnet. 17 keV X-rays were selected using a 30 ˚ A Mo:B4C multilayer monochro-
mator with a 1.5% bandwidth, and 30 keV X-rays were selected using a 15 ˚ A
W:B4C multilayer with a bandwidth of 0.5%. Mechanical slits deﬁned a rectan-
gular X-ray beam of size 0.50 × 0.50 mm (unless otherwise noted). The incident
X-ray beam was directed normal to the inscribed surface of the stone. Fluores-
cent and scattered X-rays were recorded by an X-Flash energy-dispersive X-ray
detector and counted by a R¨ ontec multi-channel analyzer. In all experiments, one
X-ray detector was positioned 150◦ from the X-ray beam. In some experiments, a
second X-ray detector was used, positioned -150◦ from the beam (Figure 2.1). The
stone epigraph was positioned and scanned using a three-dimensional easel-like
motorized stage having a resolution of better than 2  m. Hardware control and29
Figure 2.1: X-ray ﬂuorescence imaging equipment conﬁguration.
data collection were automated using SPEC1, and data analysis was done primarily
with MCASPEC2, which runs under MATLAB.
Air attenuation and noise at the low end of the detector’s energy range pre-
vent accurate measurement of any elements with ﬂuorescent energies and atomic
numbers below that of Ca (3.7 keV and 20, respectively). This includes common
constituents of stone, such as Si, Al, and Mg, and of organic matter, such as C, N,
O, and H. Of the eight most common element’s in Earth’s crust, we can reliably
detect Fe and Ca, but not O, Si, Al, Na, K, and Mg. Using a 17 keV incident
energy, the K-lines for Ca (20) through Sr (38) can be excited and detected. With
a 30 keV beam, the K-lines up to Sn (50) can be excited and detected. for both
incident X-ray energies, the L-lines for all elements above Xe (54) can be produced
and detected. Fluorescence from tin (Sn), a potential component of ancient tools,
and cadmium (Cd), a component of modern yellow and red pigments, can be ex-
cited with a 30 keV beam but not with a 17 keV beam. A prominent Zr peak in all
1SPEC: Certiﬁed Scientiﬁc Software. http://www.certif.com/
2MCASPEC: Dr. Rong Huang, Advanced Photon Source, Argonne National
Lab.30
ﬂuorescence spectra acquired using a 30 keV beam is produced by a Zr collimator
in the detector itself.
The emitted intensity of an element’s ﬂuorescence is determined by the con-
centration of that element, the photoelectric cross-section of the element at the
incident X-ray energy, the ﬂuorescent yield for that line, and the incident X-ray
intensity (Table 2.1). The detected intensity also depends upon the amount of
absorption and scattering by other material (in the stone and in the air) between
the ﬂuorescing atoms and the detector and upon the angle between the detector
and the surface normal. [37]
The eﬀective sampling depth in X-ray ﬂuorescence, determined by absorption
and scattering of incident photons as they pass through the sample and of ﬂu-
orescent photons as they travel to the detector, is given by D = [ρ × ( (Ei) +
 (Ef)secφ)]−1, where Ei and Ef are the incident and ﬂuorescent X-ray energies,
φ is the angle between the detector and the sample’s surface normal, ρ is the sam-
ple’s density, and  (E) is the sample’s total X-ray cross-section. At our incident
X-ray energies and with phi = 30◦, the penetration depth in calcium carbonate
with the density of marble ranges from 23  m for the Fe Kα line to 89  m for
Pb Lα. A mixture of 95% calcium carbonate and 5% lead (a large amount of a
high-absorption trace element) gives a 19  m penetration depth for Fe Kα and 70
 m for Pb Lα.
2.4 Previous Findings
We previously examined three marble epigraphs from Columbia University’s Butler
Library: CIL VI 35066, IG II2 1969, and CIL VI 12139. [34]31
Table 2.1: X-ray ﬂuorescence data for elements of interest. These data are from
an online MUCAL interface at the Center for Synchrotron Radiation Research and
Instrumentation at the Illinois Institute of Technology, based on data from Mc-
Master and Krause. Air absorption data are from a power-law ﬁt from 1 to 20 keV
of air absorption data from the National Institute of Standards and Technology.
Values of   are in cm2/g and ρ in g/cm3.
El. ρ Line Ef (keV) Edge  air Φ  ph(30 keV)  ph(17 keV)
Ca 1.55 Kα 3.69 99.23 K 0.16 3.63 19.89
Kβ 4.01 77.49
Ti 4.54 Kα 4.51 54.64 K 0.21 4.54 25.06
Kβ 4.93 41.93
Mn 6.54 Kα 5.9 24.58 K 0.31 6.41 33.62
Kβ 6.49 18.51
Fe 7.86 Kα 6.4 19.3 K 0.34 7.26 38.44
Kβ 7.06 14.41
Ni 8.9 Kα 7.48 12.14 K 0.41 9.76 50.04
Kβ 8.26 9.04
Cu 8.94 Kα 8.05 9.76 K 0.44 10.34 52.25
Kβ 8.9 7.24
Zn 7.14 Kα 8.64 7.91 K 0.47 11.66 58.78
Kβ 9.57 5.83
Ga 5.9 Kα 9.25 6.45 K 0.51 12.35 60.26
Kβ 10.26 4.74
Se 4.79 Kα 11.22 3.64 K 0.59 15.92 72.83
Kβ 12.49 2.64
Pb 11.34 Lα 10.55 4.37 L1 0.11 28.32 128.4
Lβ 12.61 2.57 L2 0.37
L3 0.36
Br 3.11 Kα 11.92 3.04 K 0.62 17.31 79.07
Kβ 13.29 2.2
Rb 1.53 Kα 13.39 2.15 K 0.67 19.67 87.83
Kβ 14.96 1.55
Sr 2.54 Kα 14.16 1.82 K 0.69 20.8 92.98
Kβ 15.83 1.31
Nb 8.57 Kα 16.61 1.13 K 0.75 26.39 18.26
Kβ 18.62 0.81
Sn 5.31 Kα 25.27 0.33 K 0.86 40.29 31.93
Kβ 28.42 0.2332
CIL VI 35066363 is a classic titular Latin epigraph with clearly-inscribed text
and few signs of weathering. The inscribed lines have a clear ‘V’ proﬁle, and the
rest of the inscribed face is smooth. The glyphs measure 20 mm × 15 mm ×
2 mm. One line of text was erased by chiseling in antiquity and is illegible. X-
ray ﬂuorescence indicates the presence of iron, copper, zinc, and lead in both the
uninscribed surface of the stone as well as within the inscribed glyphs. Fluorescence
is higher in the inscribed glyphs than in the uninscribed background by a factor of
5 for Fe, Pb, and Cu and a by factor of 2 for Zn, so the lettering clearly stands out
in single-element ﬂuorescence images (Figure 1.5). Calcium ﬂuorescence is lower
in the inscribed glyphs than in the background and is lower on the detector side
of the glyph than on the opposite side, presumably due to shadowing.
IG II2 1969374 is a Greek epigraph in the style of acta, and is more weathered
than CIL VI 35066. The inscribed lines form a shallow ‘U’ proﬁle, and the rest of
the inscribed face is rough. The glyphs measure 8 mm × 8 mm × 1 mm. X-ray ﬂu-
orescence again indicates the presence of iron, copper, zinc, and lead. The average
ﬂuorescence from iron, zinc, and lead is clearly higher in the inscribed glyphs than
in the background, by a factor of 2 for iron and 1.5 for lead. Position-to-position
variations in trace element ﬂuorescence from the uninscribed background are sub-
stantial, and an order of magnitude larger than expected statistical ﬂuctuations
in photon count. This makes discerning glyphs from single-element ﬂuorescence
images alone diﬃcult. The ﬂuorescence from calcium is not reduced in inscribed
regions, unlike in CIL VI 35066, but it does show “shadowing”. (Figure 1.8)
CIL VI 121395 is a titular Latin epigraph that has been heavily but smoothly
3U.S. Epigraphy No. NY.NY.CU.Butl.L.13
4U.S. Epigraphy No. NY.NY.CU.Butl.G.475
5U.S. Epigraphy No. NY.NY.CU.Butl.L.40733
weathered in many places. The glyphs are large and deeply cut, measuring roughly
25 mm × 25 mm and up to 5 mm deep. The inscribed lines have a clear ‘V’ proﬁle
in less-weathered areas, but in other areas they have been almost completely erased
by weathering. As in CIL VI 35066, iron, copper, lead, and zinc are present both in
the glyphs and in the the background. Fluorescence from these elements is higher
in the glyphs by a factor of 2 for Fe, 3 for Pb, and 1.5 for Zn and Cu. Fluorescence
from calcium is lower in the glyphs than in the background by about 20%. The
average value and variation in lead ﬂuorescence from the uninscribed background
are both low, and even heavily-weathered areas retain a signiﬁcant amount of lead.
Consequently, lead ﬂuorescence images give strong letter-to-background contrast
and allow text in heavily-worn areas to be easily read. This level of contrast was
not seen with other elements in this epigraph nor with any elements in the other
examined epigraphs. (Figure 1.10)
The origin of the four metallic elements that are correlated to the presence
of inscribed text, is unclear. The tools and paints used to create the inscribed
text are the most likely sources. Background iron levels on the ﬂattened but
uninscribed surface that are higher than in chipped regions suggest the use of iron
tools for initial surface preparation. Ancient iron tools can contain small amounts
of copper, but negligible amounts of lead and zinc. Iron and lead are both common
in ancient pigments, and copper is a constituent of some pigments. However, the
appearance of all four of these elements simultaneously, both in the background
and in the inscribed areas and all more concentrated within the inscribed areas, is a
bit surprising. The presence of zinc is also surprising, as it is not found in iron tools
or common pigments. The presence of zinc could suggest the use of bronze tools.
It is also possible that these trace elements come from the epigraph’s environment,34
including rainwater, groundwater, dust in the air, and any organisms that may
grow on the marble surface. To account for the higher concentrations in inscribed
areas, it may be that the environmental contaminants may have been more likely
to accumulate in these areas, that these elements may be more readily absorbed
into the stone in the inscribed areas. It is also possible that these elements were
present in the marble and are removed more readily in the uninscribed areas.
Aside from the origin of elements we observed, these investigations revealed
other puzzling features. Calcium ﬂuorescence had, in some epigraphs, a clear de-
pendence on the topography of the stone — the roughly ‘V’-shaped incisions carved
into the stone that form the text, exhibiting reduced intensity resembling shad-
owing. However, in other cases, calcium ﬂuorescence was clearly reduced within
inscribed glyphs, but no topographical eﬀect was apparent. The eﬀectiveness of a
given trace eleement in imaging the inscribed texxt varied from one epigraph to
the next, for reasons that were not evident. To increase our ability to read ancient
stone epigraphs with XRF, we should investigate this topographical dependence,
the eﬀectiveness of trace elements at imaging inscribed text, the variation of this
eﬀectiveness among diﬀerent epigraphs, the origin of the trace elements, and how
to best correlate the concentrations of these elements with inscribed text.
2.5 Epigraphs Examined
To try to address the issues raised above, in the present study, we reexamined
CILVI 12139, together with more than six epigraphs from the Johns Hopkins
University Archaeological Museum. These are all Latin epigraphs on marble. JHU35
10596 is a two-sided graﬃto epigraph from Rome. The front side has a line drawing,
including a person, a building, a bird, a sun, and a few letters of text. The back
side has only a crudely-inscribed epitaph from the 2nd century CE. The inscribed
lines have a shallow ‘U’ proﬁle, about 1 mm deep. JHU 1156 is a titular epigraph
that had broken into two parts. It is apparent from inspection that one part
had been restored; the stone had been cleaned and there was visible paint inside
the inscribed lines. Some lines appeared to have substantially more paint than
others. Paint was not visible inside the inscribed lines of the unrestored portion
of the epigraph. The inscribed lines have a sharp ‘V’ proﬁle, about 2 mm deep;
the letters are about 15 mm high. JHU 1166 appears to be a relatively crudely-
made epigraph; the glyphs have a rough ‘U’ proﬁle 1–2 mm deep, the shape of the
glyphs is not neat and consistent, and the text does not follow a straight line. The
epigraph MD.Balt.JHU.L.137 is an epitaph from Porta Salaria in Rome from the
1st or 2nd century CE; the text is cut 1–2 mm deep. It features visible guide rules.
The epigraph MD.Balt.JHU.L.134 is a Christian epitaph from the 4th-5th century
CE, found in the cemetery of S. Felicitas, Rome. It features prominent guide rules;
the incisions of the glyphs are a shallow ‘U’, about 3 mm across and 1 mm deep.
JHU 96 is a libation bowl with text inscribed 1–2 mm deep along its perimeter.
All of the epigraphs above were examined using a 30 keV X-ray beam — suﬃ-
ciently energetic to excite the ﬂuorescence of Sn (if present) — and a single X-ﬂash
detector, as shown in Figure 2.1. We also examined several epigraphs from the
Frances Lehman Loeb Art Center at Vassar College using a 17 keV X-ray beam and
two X-ﬂash detectors, also shown in Figure 2.1, in an attempt to understand the
6U.S. Epigraphy Nos. MD.Balt.JHU.L.59.v and MD.Balt.JHU.L.59.r; Wilson,
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origin of the concentration variations (shadowing eﬀect) around deeply inscribed
letters. These inscriptions have not been formally catalogued, so we refer to them
by the initial letters of the text. The “Ollia” epigraph has a number of glyphs that
have some material, which appears similar to plaster, inside the glyphs. The text
has a rounded ‘V’ proﬁle and is about 2 mm deep. The “Udicius” epigraph had a
similar substance in the deepest part of the inscribed glyphs, as well as guide rules
and a fair bit of material from weathering on the surface; the text has a sharp ‘V’
proﬁle and is about 3 mm deep. The “Vitellio” epigraph has visible guide rules.
Many of the glyphs have a faint red coloration, indicating the the presence of traces
of remaining paint. In some glyphs, the amount of remaining paint varies visibly
across the glyph. The text has a rounded ‘V’ proﬁle and is 2–3 mm deep. The
“Volcelia” epigraph has guide rules as well as a series of small decorative marks.
The text has a sharp ‘V’ proﬁle and about 3 mm deep; the decorative marks are
less than 1 mm deep. “Erst” is a large marble epigraph with a signiﬁcant erased
portion of text. It has some material from weathering on the surface. The text
has a softened ‘V’ proﬁle and is about 3 mm deep.
2.6 Elements Present
All 11 of the epigraphs examined had prominent Ca and Sr peaks, as well as Fe,
Zn, and Pb peaks. The spectra all also show Zr, Ar, and coherent and Compton
scattering peaks. Ar ﬂuorescence is produced by the air between the sample and
the detector. Zr is from the detector, as described in 2.3. A number of other trace
elements were also frequently but not universally seen. In some cases, counting
statistics for the relatively short data collection times per point prevent determin-
ing if a particular element is visible.37
Cu is present in every epigraph except for Ollia. Ti, Ni, and Mn are present
in many epigraphs, but are relatively weak and can be readily obscured by poor
statistics. Se is present in some epigraphs, including Udicius, Erst, CIL VI 12139,
and possibly MD.Balt.JHU.L.13. In these epigraphs, the Se signal is relatively
weak, so it could be obscured in other epigraphs. This is also the case with Rb,
which is in JHU 1156, DM, JHU 96, Udicius, Vitellio, and on the front of JHU
1059. It is also present in Ollia, but only within the glyph containing plaster-
like material. Some epigraphs contain Br, including JHU 1156, CIL VI 12139,
JHU 96, and Ollia. A few epigraphs appear to have some Ga, including Udicius,
Ollia, and Erst. This peak is often diﬃcult to diﬀerentiate from the nearby Zn
Kα and Kβ peaks, so it may also be present in JHU 1059, JHU 1156, JHU 1166,
and MD.Balt.JHU.L.13. Finally, two epigraphs contained Hg: the restored part of
JHU 1156 and Vitellio.
A number of elements were found in larger concentrations in inscribed areas
than in the ﬂattened but uninscribed background. Trace element concentrations
were estimated, correcting for air attenuation, X-ray cross-section, and ﬂuorescent
yield, by assuming a calcium carbonate matrix and using the calcium ﬂuores-
cence as a reference. Table 2.2 shows the range of trace element concentrations
observed in the epigraphs examined at 30 keV — CIL VI 12139 and the Johns
Hopkins epigraphs. Concentration ranges for the foreground (inscribed glyphs)
and background are given, as well as the average ratio between the foreground and
background concentration. A number of trace elements not readily correlated with
inscribed text were also observed: Cr, 200 ± 130 ppm; Mn, 180 ± 140 ppm; Sr,
133 ± 70 ppm; Ni, 40 ± 20 ppm; and 10 ppm or less of Ga, Se, Br, Rb, Y, Nb, Sn,
W, Au, Hg, and Bi. Table 2.3 shows the trace element concentration ranges and38
Table 2.2: Foreground and background element concentration in the epigraphs
examined at 30 keV (all ﬁgures in ppm).
Element Background Foreground Ratio
Fe 500–7000 900–17000 3
Cu 7–100 25–150 2.5
Zn 2–400 12–650 2
Pb 20–130 30–220 2.6
Ti 230–2100 380–4100 2.9
Table 2.3: Foreground and background element concentrations in the epigraphs
examined at 17 keV (all ﬁgures in ppm).
Element Background Foreground Ratio
Fe 240–1500 480–9300 6.9
Cu 7–28 5–83 11
Zn 47–280 140–6300 12
Pb 280–1300 43–12800 13
Ti 67–520 180–3400 7
ratios observed in the other epigraphs, which where examined at 17 keV. Trace
element concentrations not correlated with inscribed text were: 460 ± 900 Sr, 23
± 18 ppm Cr, 22 ± 27 Mn, 13 ± 18 Co, 8 ± 7 Ni, 6 ± 7 Ga, 4 ± 4 Se, 9 ± 20 Br,
16 ± 16 Br.
We took two sets of spectra on the restored part of JHU 1156. The inscribed
glyphs had been repainted, but the paint on them was faint. A decorative line near
the border of the epigraph had a much heavier layer of paint. Iron concentrations
both in the glyph and in the background are similar to those found in the unrestored
section: 16,000 to 20,000 ppm in the foreground, 1500–3300 in the background.
More Ti, Se, Cd, Ba, and Hg were found in the restored glyphs, and more of these
elements were found in the restored line with heavier paint. The concentrations in
the 3 inscribed locations — the unrestored glyph, the restored glyph with a lighter39
Table 2.4: Trace element concentrations in JHU 1156b.
Lighter-paint Heavier-paint
Unrestored glyph restored glyph restored glyph
Ti 2100 3600 4100
Se < 10 1100 11000
Cd < 1 170 1400
Hg 13 173 150
layer of paint, and the restored line with a heavier layer of paint — are summarized
in Table 2.4. No other epigraph examined, including the unrestored section of this
epigraph, showed signiﬁcant amounts of Cd.
We also took a spectrum from an unweathered, modern piece of white marble
from Georgia. This had the following trace element concentrations: 600 ppm Sr,
210 Fe, 160 Ti, 70 Ni, 24 Mn, 3 Hg, 1 Pb, and 1 ppm or less of other elements.
2.7 Presence of Tin
The origin of the excess Zn, Cu and Pb seen in inscribed regions of many stones
is unclear. Since Zn and Pb are found in ancient bronzes, one possibility is that
bronze tools were used to create or to put the ﬁnal touches on epigraphs. In
this case, one might also expect Sn, the other major consituent of bronze, to be
present, but the 17 keV X-rays used in our earlier experiments could not excite
Sn ﬂuorescece. To determine if tin is present, we examined CIL VI 12139 and a
block of silicon using 30 keV X-rays. The Sn peak is diﬃcult to separate from
the Compton tail background in our usual conﬁguration. We used a 90◦ detector
conﬁguration, in which a single X-ray detector is 90◦ from the beam and the sample
is at a 45◦ angle to the beam (Figure 13). This reduces the Compton scattering
and increases the energy of the Compton peak, reducing the size of the low-energy40
Figure 2.2: 90◦ X-ray ﬂuorescence equipment conﬁguration.
tail at the Sn ﬂuorescence peak. The epigraph and Si block spectra were not taken
with exactly the same sample angle and detector-to-sample distance, making the
spectra not directly comparable. The small peak on the low-energy tail of the
Compton peak in the marble block was conﬁrmed as the Sn Kα peak by taking a
spectrum of a piece of tin wire. The Sn Kβ peak is not visible, as it is both weak
and near the Compton peak maximum. However, scaling the spectra from CIL
VI 12139 and the marble block to have equal Compton peaks gives roughly equal
Sn peaks, indicating that the Sn appearing in the spectra is most likely from an
outside source. The same is true of the Zr peaks, as was determined earlier, and
is also indicated in these spectra.
Ignoring momentarily evidence of Sn ﬂuorescence from our data collection sys-
tem, we can look at the Sn to Cu ratio in the examined epigraph. Sn ranges up to
4 ppm. The concentration of Sn is 3% ± 3% the concentration of Cu. A study of
ancient bronze statues indicates a composition of 70-90% copper, 5–10% tin, and
up to 20% lead. [24] Historical record indicates that bronze was made with one
part tin to eight parts copper, as well as some lead and silver-lead. [33]41
2.8 Trends in trace elements
It is often more useful to use XRF imaging, rather than a collection of single points,
to investigate the correlation between the concentration of an element and features
on the stone. To do this, we look at maps of individual elements’ XRF intensities
produced by 2D scans over glyphs or other features. Features in the ﬂuorescence
intensity maps often correspond to features on the stone, such as the presence of
an inscribed line or glyph.
In every epigraph, there are clear changes in Ca ﬂuorescence associated with
the presence of inscribed lines and glyphs. In most scans, the shadowing eﬀect,
producing higher ﬂuorescence on one side of a line and lower ﬂuorescence on the
other, is visible. Some scans show lower Ca in inscribed lines; this is usually
associated with high levels of ﬂuorescence from other trace elements. [35]
The association of diﬀerent trace elements with the presence of inscribed text
is summarized in Table 2.5. For lines and glyphs that have not been signiﬁcantly
worn, Zn generally provides the most clear image. Fe and Pb usually produce good
images, but the ﬂuorescence and variation in ﬂuorescence from the background
stone, compared to inscribed lines and glyphs, is larger than with Zn. Cu and
Ni are similar to Fe and Pb, but their ﬂuorescence is usually weak enough that
count times that produce good images in Fe, Zn, and Pb do not have good enough
statistics to image in Cu or Ni.
In Vitellio, there was a gradient of pigment intensity (from a light red to no
visible paint remaining). The part of the letter with more remaining paint pro-
duced signiﬁcantly more Hg ﬂuorescence and signiﬁcantly less Ca ﬂuorescence. In
Volcelia, it appears there are diﬀerent compositions of marble present in the back-
ground, as the amount of Ca, Ni, Mn, and Sr change in the background, making42
Table 2.5: Qualitative association of ﬂuorescence intensity with presence of in-
scribed text in single-element XRFI maps: • correlated, ◦ unclear correlation,
⋆ detailed in text
Fe Pb Zn Sr Cu Rb Ti Mn Ga Ni Hg
JHU 1059 • • • •
JHU 1156 • • • •
JHU 1166 • • • • •
Erst • • • •
Ollia • • • • • • • ◦
Udicius ◦ • • ◦ • •
Vitellio • ⋆ • • ⋆
Volcelia • • • ⋆ • ⋆ ⋆
a series of three stripes through the background. One stripe is notable has more
Mn, and another has more Ni and Ca and less Sr.
Sr sometimes appears to have the same shadowing eﬀect as Ca. It also some-
times appears positively correlated to the presence of inscribed lines and glyphs, as
other trace elements are. In some inscriptions, Sr does not appear correlated at all.
JHU 1059, Erst, Ollia, Udicius, Vitellio, and Volcelia appear to have shadowing
in Sr. In CIL VI 12139, JHU 1156, and the Ollia glyph with plaster-like material,
Sr appears positively correlated to the presence of inscribed text. In JHU 1166,
Victris, Vitellio, and Volcelia, the level of Sr changes in the background stone of
the epigraph.
2.9 Origin of elements
Guide rules were examined in the hopes of learning more about the origin of
elements found in inscribed regions. Guide rules are generally not painted or
painted with background color, so comparing trace element concentrations in guide43
rules with those in inscribed areas can provide a clue as to the origin of the trace
elements in the inscribed area. These lines were made to aid writers in inscribing
straight text. Many epigraphs have these lines erased. Unprofessional epigraphs,
such as acta, often did not use guide rules or have guide rules that have not been
erased. Some epigraphs that we examined had visible guide rules. It is unlikely
that any of these lines were ever painted; if the background surface of the stone
was painted, these lines would have been painted along with the background.
The epigraph MD.Balt.JHU.L.134 has quite visible guide lines. These are very
faintly visible in Ca, possibly visible in Fe, and very visible in Pb and Zn. The
guide rules on the Vitellio epigraph are visible in Ca, Pb, and Zn, as is the glyph.
The glyph is visible under Fe and Hg as well, but the guide rule is not visible with
these elements. Both Udicius and Volcelia have visible guide rules that cannot be
seen with XRF. The Zn XRF images, representative of the single-element maps
that show guide lines, are shown along with the appropriate photographic image
in Figure 2.3.
2.10 Correlation of calcium to inscribed text: two-detector
data
The X-ray ﬂuorescence from all examined epigraphs appears to be inﬂuenced by
a topographic shadowing eﬀect. For inscribed lines running vertically relative
to the horizontal plane deﬁned by the incident beam and detector, the observed
ﬂuorescence intensity tends to be higher on the side of the inscribed line farthest
from the detector, and lower on the closer side, suggesting a shadowing by the
marble on the detector side of the inscribed line. This is most readily observed44
Figure 2.3: Zinc single-element XRF images and associated photographic image for
(top to bottom): MD.Balt.JHU.L.134 (guide rules visible in Ca, Fe, Pb, and Zn),
Vitellio (guide rules visible in Ca, Pb, and Zn), Udicius (guide rules not visible in
ﬂuorescence), and Volcelia (guide rules not visible in ﬂuorescence).45
Figure 2.4: Calcium ﬂuorescence from JHU 1166 (left) and JHU 1156 (right).
in the Ca ﬂuorescence, where inscribed lines have visibly higher ﬂuorescence on
one side and lower ﬂuorescence on the other. Where the local surface normal is
pointing away from the detector, the signal is lower; where it is pointing nearer
the detector, the signal is higher. Horizontal lines do not show this eﬀect. This
eﬀect can be seen in a map of the Ca ﬂuorescence from a glyph ‘Y’ from JHU 1156
(Figure 2.4). In the upper part of the glyph, a lowering of Ca is clearly visible;
in the bottom part of the glyph, shadowing is also visible. The likely cause of
this reduction in ﬂuorescence is a surface layer rich in trace elements, which would
attenuate the Ca ﬂuorescence from the underlying stone.
2.11 Two-detector data
One way to address the issue of an angle-dependent component to Ca ﬂuorescence
is to use a second detector, opposite our usual detector position. The ﬁrst x-
ray detector is at a +150◦ scattering angle; the second detector was positioned
at a −150◦ scattering angle (Figure 2.1, so that the two detectors are symmetric
about the surface normal. This allows us to better quantify the topographical Ca
ﬂuorescence eﬀect.
Using two detectors, we are able to conﬁrm that there is a shadowing eﬀect on46
Figure 2.5: Calcium ﬂuorescence from Vitellio: detector 1 (upper left), detector 2
(upper right), sum (lower left), diﬀerence (lower right).
the Ca ﬂuorescence that is dependent on the surface topography near where the
beam strikes the surface. Figure 2.5 shows Ca ﬂuorescence images of a letter ‘F’
from Vitellio. Note that during the scanning, the epigraph was mounted sideways,
so the detectors are positioned above and below the letter rather than to the left
and right. In the image from detector 1, the top side of any horizontal inscribed
line has lower Ca ﬂuorescence, while the bottom side has higher Ca ﬂuorescence.
In the image from detector 2, the same eﬀect can be seen, but the bottom side
has higher Ca ﬂuorescence and vice versa. The vertical inscribed lines show no
shadowing eﬀect but have overall lower Ca ﬂuorescence within the inscribed letter.
Imaging the diﬀerence between the Ca ﬂuorescence from the two detectors47
shows only the variations in the surface angle for horizontal inscribed lines. This
is particularly clear for the line of lower Ca ﬂuorescence just to the right of the
letter, which does not correspond to any visible structure on the surface and does
not appear in the diﬀerence image. The guide rules above and below the letter
are quite visible. Imaging the sum of the two Ca signals shows that inscribed lines
have lower Ca ﬂuorescence in addition to having this angle-dependent eﬀect. This
is a combination of any net loss of Ca ﬂuorescence due to surface angle and the
absorption of Ca ﬂuorescence and incident X-rays by metals near the surface of
the stone.
This shadowing eﬀect applies to all elements in the epigraph, as can be seen
in Figures 2.6, 2.7, 2.8. Figure 2.6 shows Ca ﬂuorescence from a letter ‘A’ on
Volcelia. There is a band in the stone of higher Ca ﬂuorescence with no associated
topographical features. This can be readily seen in the sum, but disappears in the
diﬀerence. Figures 2.7 and 2.8 show Fe and Zn ﬂuorescence from the same scan,
respectively. While the inﬂuence of surface topography cannot readily be identiﬁed
in the single-detector images, it can be clearly seen from the diﬀerence images. In
general, we see that this shadowing eﬀect applies to all elements in the epigraph,
including those correlated with the presence of inscribed text and trace elements.
In the epigraphs examined with two detectors, the diﬀerence between the Ca
ﬂuorescence on one side of an inscribed glyph and the background Ca ﬂuorescence
was 44% ± 23% of the background ﬂuorescence. Within the inscribed lines of the
same glyphs, the Ca is 26% ± 13% lower than in the background.48
Figure 2.6: Calcium ﬂuorescence from Volcelia: detector 1 (upper left), detector 2
(upper right), sum (lower left), diﬀerence (lower right).49
Figure 2.7: Iron ﬂuorescence from Volcelia: detector 1 (upper left), detector 2
(upper right), sum (lower left), diﬀerence (lower right).50
Figure 2.8: Zinc ﬂuorescence from Volcelia: detector 1 (upper left), detector 2
(upper right), sum (lower left), diﬀerence (lower right).51
2.12 Principal components analysis
At each grid point in our XRF imaging scans, we measure a full X-ray spectrum.
We can analyze this data by looking at the variation of a single element’s ﬂuores-
cence over the scanned area, but this does not take advantage of the possibility
of looking at a combination of elements simultaneously to maximize our ability to
identify glyphs. There is, in principle, a lot of information in the full spectrum that
is not being exploited in single-element images. Since tools, paint, and particularly
weathering can introduce or remove multiple elements by the same process, it is
reasonable to expect that examining a combination of elements could give more
useful results than a single element. Principal components analysis (PCA) can be
used to automatically ﬁnd such combinations and has been applied in the past to
XRF imaging data to decrease noise and enhance features. [42]
We use covariance-based PCA, in which each spectrum at each physical point in
a scanned area is treated as an individual measurement, and all measurements are
analyzed as a group, without regard to the spatial locations of the measurements.
Applying PCA constructs a set of orthogonal basis vectors — eigenspectra — that
maximize covariance over the set of measurements. That is, if the spectrum of the
nth pixel is Pn and the set of measurements is zero mean, so that
P
n Pn = 0,
the ﬁrst principal component vector V1 is the vector that maximizes the variance
S1 =
P
n(Pn   V1)2 . The second principal component vector V2 is the vector
orthogonal to V2 that maximizes the variance S2 =
P
n(Pn   V2)2, and so on.
The associated eigenimages — composed of the pixels Pn Vk for the kth principal
component — map the strength of that principal component over the scanned area
in the same way a Fe single-element image maps the concentration of Fe.
This PCA is performed using singular value decomposition (SVD). Applying52
SVD to our data simultaneously ﬁnds the eigenspectra and eigenimages as well as
the variances (singular values). Both the spectra and the images are normalized.
The singular value (variance) is directly proportional to the signiﬁcance of the
eigenspectrum; if the kth principal component has eigenimage values Qn,k and
variance Sk, the original pixel spectrum is Pn =
P
k Qn,kSkVk. While PCA requires
a zero-mean set of measurements, this is not the case with SVD; the mean spectrum
is produced as if it were the ﬁrst principal component.
This approach constructs linear combinations of elements and does so under
the assumption that interesting features are associated with a high variance. It
also requires the eigenspectra to be orthogonal. We are guaranteed in our actual
epigraphs neither that our elements are introduced to or removed from the stone
in linearly-related amounts nor that the eﬀects we desire are high-variance. More-
over, the procedure ignores spatial correlations (e.g., correlations between adjacent
pixels). However, this procedure is automatic, having no free parameters, and, as
we shall see, is eﬀective at ﬁnding seemingly-useful spectra.
The PCA images and spectra for Vitellio are shown in Figure 2.9. The ﬁrst
spectrum is the mean spectrum, averaged over all pixels. It is dominated by Ca
ﬂuorescence, specular scattering, and Compton scattering; the associated image
shows primarily the shadowing eﬀect. The second image shows data similar to
the Ca ﬂuorescence sum in Figure 2.5 but is a linear combination of correlated
elements — iron, lead, mercury, and calcium, suggesting that it is selecting out
elements correlated with the inscribed glyph. Applying PCA also reveals other
properties of the scan that can be seen by investigating individual elements. The
4th and 5th images and spectra show a variation from the top of the letter to the
bottom in the ﬂuorescence from Ca, Fe, Pb, Zn, and Hg.53
Figure 2.9: From top to bottom, the 1st, 2nd, 4th, and 5th PCA images (left) and
spectra (right) for Vitellio.54
The same can be seen with Volcelia in Figure 2.10. The mean spectrum and
image again show primarily the surface topography eﬀect. PCA also selects out
the band of increased Ca ﬂuorescence in the second image and the trace elements
correlated to the inscribed glyph, primarily iron and zinc, in the 3rd image.
Principal components analysis takes advantage of every channel in the XRF
spectra simultaneously and suppresses uncorrelated noise. It also indicates that
the fraction of the XRF spectrum contributing to many of the images we are
interested in is rather small. In the case of the images shown here, the weakest of
them is composed of about 1% of the total photons detected. More importantly,
it allows to automatically see which elements are associated with the presence of
inscribed text and to ignore the varying levels of elements in the stone that are
not associated with the inscribed glyph.
2.13 Conclusions
Our investigations have shed some light on the behavior of X-ray ﬂuorescence from
ancient Greek and Latin epigraphs. Two-detector measurements verify that ob-
served shadowing eﬀect is caused by the topography of the inscribed stone. While
not readily visible in single-element ﬂuorescence maps, this eﬀect occurs for trace
elements as well as calcium. Principal components analysis is able to separate out
this shadowing eﬀect and generate spectra and intensity maps for ﬂuorescence vari-
ations associated with the presence of inscription and other features in the stone.
Trace elements cannot originate solely from pigments, since ﬂuorescence variation
correlating to the presence of inscription is found both in graﬃti and in guide
rules. In other cases, increasing paint thickness can be directly associated with
greater trace element ﬂuorescence. We have surveyed the usefulness of diﬀerent55
Figure 2.10: PCA images (left) and spectra (right) for Volcelia; from top to bottom,
the 1st, 2nd, and 4th images from detector 1 and the 1st image from detector 2.56
trace elements for imaging text and estimated the concentration of these elements
present near the surface of the stone.
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X-RAY FLUORESCENCE IMAGING ANALYSIS OF EPIGRAPH
PROVENANCE
J. Powers, R. E. Thorne, K. Clinton, N. Dimitrova, M. Peachin, D.-M. Smilgies
Abstract
An epigraph from New York University considered to be a copy of an epigraph from
Teanum Sidinicum is examined with X-ray ﬂuorescence (XRF) and XRF imaging.
Fluorescence spectra show many of the same elements seen in other Greek and
Latin epigraphs, but the calcium ﬂuorescence is much weaker and that of many
other elements is much stronger. The low calcium ﬂuorescence cannot be accounted
for by absorption by visible elements, so it is unlikely that the stone is limestone
or marble. Unlike in other examined inscriptions, XRF imaging indicates little or
no correlation between the concentrations of these trace elements and the presence
of characters inscribed in the stone. These results indicate that this epigraph is
either atypical or is a modern copy.
3.1 Introduction
A number of tools have been used to study ancient Greek and Latin epigraphs,
including rubbings, squeezes, raking light imaging, and laser transmission [7]. Re-
cently, we have shown that by using the ultra-intense X-ray beams produced by
synchrotron X-ray sources, trace element concentrations in the stone’s surface lay-
ers at the glyph scale can easily be measured in seconds. [34] By raster scanning
the epigraph relative to the beam, chemical analysis can be performed at an array
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of points across the inscribed surface. This data can be combined to create images
of the concentrations of single elements. Some elements, including iron and lead,
are present in larger concentrations in inscribed glyphs, and likely arose from tool
wear during inscription and from subsequent painting. Lead could be detected
in layers below the original inscribed layers of the text, opening the possibility of
using XRF imaging to recover ancient text from worn and abraded epigraphs.
Here, we describe an application of synchrotron-based XRF to examine an epi-
graph of uncertain provenance. We show that the combination of XRF to perform
chemical analysis at single points with XRF images to study the correlation be-
tween composition and the presence of inscribed glyphs can provide useful insight
into the possible origins of an epigraph.
According to published record, NY.NY.NYU.L20 “appears to be an exact copy
of the fragmentary consular fasti from Teanum Sidicinum in central Italy, of which
the original is preserved at the American Academy in Rome” [3]. The original
epigraph [17] is now on loan to the town of Teano in Italy1. No analysis beyond
comparison of photographs has been performed on these inscriptions prior to our
investigations.
The surface of the stone is slightly warped along the direction of the text,
so that the inscribed side of the stone is on the outside of an arc. There is no
noticeable visual diﬀerence between the uninscribed surface of the stone and the
inscribed glyphs. There is no evidence of paint, pigment, dirt, or debris within
the inscribed glyphs. The only information we have about the Teano epigraph
is a photograph, which we can compare with a photograph of the NYU epigraph
(Figure 3.1). The shapes of the stones are the same, and both have a crack running
1John Bodel, personal communication, July 29, 200659
from the bottom edge of the lower-right quadrant and slanting upwards and left into
the lower-left quadrant. The lettering on the two inscriptions appears identical;
the lettering depths may appear slightly diﬀerent in the two photographs, but this
can be attributed to diﬀerences in lighting and perspective. The surfaces of the two
stones are, however, noticeably diﬀerent. The NYU inscription has many small,
round, raised formations on its surface (visible at the original resolution of the
photograph, and one of which is visible inside the ‘D’ in Figure 3.3). It has a chip
along its top edge, and its surface has been darkened in a large area in the lower
right. None of these features are seen in the photograph of the Teano inscription.
The surface of the Teano inscription appears to be much smoother overall, but
there is pitting on its right side that is not seen in the NYU inscription. These
diﬀerences suggest that the inscriptions have had diﬀerent histories, are made from
diﬀerent materials, and/or were prepared using diﬀerent methods.
In antiquity it was not unusual for more than one copy of the same document
to be inscribed on stone, but it is extremely unlikely that both copies were broken
up in the passage of time to yield identically shaped and cracked fragments with
identical text. The crack in the Teano inscription appears to be real, tapering to
a hairline, whereas the crack in the NYU inscription ends abruptly. The NYU
inscription may thus be a relatively recent copy.
3.2 Method
The epigraph was examined at the Cornell High-Energy Synchrotron source. A
30 keV X-ray beam with a bandwidth of 0.5% was produced using a 15 ˚ A W:B4C
multilayer monochromator and trimmed to 0.50 × 0.50 mm spot size at the sample
using mechanical slits. The incident beam was normal to the epigraph’s surface.60
Figure 3.1: Epigraph from Teanum Sidicinum (above) and examined epigraph from
NYU (below). The similarity in shape of these fragmentary epigraphs indicates
that one is a copy. The imperfect rendering in the NYU epigraph of the crack in
the lower right of the epigraph suggests that it is a modern copy.61
Fluorescent and scattered X-ray photons were detected by an energy-dispersive
X-ray detector at a 150◦ angle from the incident beam and energy-resolved spectra
were acquired using a multichannel analyzer. The epigraph was translated in the
plane perpendicular to the beam using a motorized xyz stage with a resolution of
better than 2  m. Hardware control and data collection were automated using
SPEC2. Data analysis was performed using MCASPEC3, MATLAB, and Octave.
Some other epigraphs used in comparisons with the NYU epigraph were exam-
ined with a 17 keV beam produced using a 30 ˚ A Mo:B4C multilayer with a 1.5%
bandwidth.
3.3 Results
3.3.1 X-ray ﬂuorescence spectra
Our previous X-ray ﬂuorescence spectra of ancient Latin epigraphs on marble
have typically had a strong Ca signal, weaker but pronounced Fe, Zn, and Pb
signals, and detectable levels of a number of other trace elements. These elements
are present both within the glyphs inscribed in the stone and in the uninscribed
regions of the stone’s surface. The variations of these elements often correlate to
the presence of the inscribed lines on the stone that form the written text of the
epigraph [34].
The XRF spectrum for this epigraph indicates the presence of Ca, Fe, Zn, Pb,
Ti, Mn, Ni, Cu, Ga, Se, Rb, Sr, and Nb, both in the inscribed glyphs and on
the background stone. Of these, Ca, Ti, Mn, and Ni had peak heights roughly
2SPEC: Certiﬁed Scientiﬁc Software. http://www.certif.com/
3MCASPEC: Dr. Rong Huang, Advanced Photon Source, Argonne National
Lab.62
Figure 3.2: X-ray ﬂuorescence spectrum from the NYU epigraph from two points,
one on (letter) and one near (background) a letter ‘D’. Two peaks are the contri-
bution of two elements’ ﬂuorescence: Pb/Rb and Sr/Zr.
twice the detector noise level, and the other elements had peak heights at least 5
times higher than the detector noise level. More than twenty other ancient marble
epigraphs have been examined under the same conditions as the NYU epigraph.
All of the elements listed above were observed in at least one other epigraph.
The measured spectrum for this epigraph also has peaks for Ar, Zr, and Sn.
Measured reference spectra from a block of silicon indicate that the Ar peak is
produced by air ﬂuorescence and the Zr and Sn peaks come from components of
the detector itself.
Spectra were acquired from a chipped area near the edge of the inscribed face
of the stone and from a point on the reverse face of the stone. The mechanism that
caused the chip is not known. The chip’s surface coloration and grain structure63
Figure 3.3: Locations of the (a) background and (b) letter spectra.
are not noticeably diﬀerent from the rest of the stone’s surface, suggesting that the
chip has experienced similar environmental exposure and weathering. This could
result because the inscription has not weathered signiﬁcantly, because the chip was
made before signiﬁcant weathering had occurred, or because weathering beyond
a certain point does not produce further qualitative changes in the surface. On
other inscriptions, some chips appear similar to the rest of the surface while others
expose fresh, unweathered marble. Compared with spectra from the background
of the inscribed surface, the spectrum from the reverse face of the stone has less
Cu, Zn, Ga, Se, and Pb and the spectrum from the chip has more Ga, Pb, Se, Cu,
and Zn. Figure 3.4 shows the ﬂuorescence intensities for each element obtained
from diﬀerent regions on the stone surface, normalized by the intensities from the
background of the inscribed face. Since the data were acquired at speciﬁc points,
some diﬀerences between the points may be due to inhomogeneous composition
within each region rather than from region to region.
The amount of a trace element near the surface can be estimated from the
measured ﬂuorescence intensities using the photoelectric cross section, ﬂuorescent
yield, and air scattering for that element and for the other elements present in the
matrix (MUCAL), taking into account absorption of incident and ﬂuorescent X-
rays by the other elements. We cannot determine the composition of the stone from64
Figure 3.4: Fluorescence intensities, relative to the ﬂuorescence from the unin-
scribed background of the stone.
our ﬂuorescence data alone, since many elements do not ﬂuoresce in the energy
range examined. We cannot reasonably assume that the primary constituent of
the stone is calcium carbonate (marble) due to the weak Ca ﬂuorescence signal.
Consequently, without knowledge of the stone’s primary constituents, we cannot
accurately estimate trace element concentrations. We can, however, estimate the
thickness of a solid surface layer of the trace element that would produce the
observed ﬂuorescence intensity (Table 3.1). For Fe and Pb, this estimate includes
absorption of emitted X-rays by the ﬂuorescing element, but for other elements,
absorption is negligible. X-ray absorption by elements other than the ﬂuorescing
element and air are not considered. This approximation is less reasonable for Ca,
whose X-rays are more readily absorbed by trace elements, and does not account
for greater absorption for elements that are uniformly distributed within the stone
versus those that may be concentrated at its surface. Nonetheless, applying this
method to the Ca ﬂuorescence yields a thickness of 400 nm pure Ca. Applying65
Table 3.1: Approximate thickness of a trace element layer necessary to produce
the observed ﬂuorescence in the uninscribed background of the stone.
Element Thickness (nm)
Ca 400
Fe 37
Rb 17
Ti 10
Pb 9.8
Zn 1
Ga 1
Mn 0.9
Cu 0.5
Nb 0.3
Ni 0.2
Se 0.07
Br 0.02
this same method to the Ca ﬂuorescence from clean marble yields a thickness of
roughly 25  m, comparable to the extinction length of Ca ﬂuorescence X-rays in
marble.
3.3.2 Comparison to other XRF spectra
A number of other epigraphs were examined along with the NYU epigraph, using
the same incident energy, detector, and geometry. Examined epigraphs included:
CIL VI 12139, a titular Latin grave epigraph; JHU 10594, an opisthographic graﬃto
epigraph from 2nd-century Rome; JHU 1156, a titular epigraph; JHU 1166, a
crudely-made epigraph; MD.Balt.JHU.L.134, a Christian epitaph from 4th-5th
century Rome; and JHU 96, a Latin libation bowl.
Compared with these inscriptions and another ten Latin inscriptions examined,
4U.S. Epigraphy Nos. MD.Balt.JHU.L.59.v and MD.Balt.JHU.L.59.r; Wilson,
AJP 32 (1911): 173, no. 5966
Table 3.2: Calcium and common trace element ﬂuorescence intensities, normal-
ized by elastic scattering intensity, for the NYU epigraph and six ancient Latin
epigraphs, within an inscribed glyph (Fg) and from the background stone (Bg).
Epigraph Ca Fe Zn Cu Pb Sr
NYU Fg 0.10 0.87 0.060 0.028 0.583 0.167
Bg 0.12 0.70 0.063 0.028 0.650 0.167
JHU 1059a Fg 1.34 0.44 0.030 0.006 0.037 0.244
Bg 1.46 0.10 0.018 0.009 0.018 0.268
JHU 1059b Fg 1.35 0.18 0.018 0.006 0.082 0.294
Bg 1.35 0.12 0.018 0.006 0.024 0.647
JHU 1156 Fg 0.93 0.58 0.075 0.013 0.055 0.275
Bg 1.50 0.13 0.025 0.005 0.023 0.250
JHU 1166 Fg 1.60 0.27 0.045 0.009 0.024 0.700
Bg 1.60 0.11 0.025 0.007 0.020 0.700
JHU 96 Bg 0.87 0.38 0.077 0.014 0.058 0.308
JHU.L.134 Fg 1.09 0.82 0.100 0.073 0.073 0.436
Bg 1.09 0.36 0.073 0.018 0.064 0.436
CIL VI 12139 Fg 2.59 0.10 0.250 0.009 0.049 0.328
Bg 2.76 0.04 0.172 0.008 0.026 0.293
the NYU spectrum’s most prominent feature is its low Ca ﬂuorescence. To compare
spectra between epigraphs, we normalize by the strength of the elastic scattering
peak, as this is nearly proportional to the incident x-ray intensity. Following this
normalization, the spectra in the low-energy region below Ca and the background
between Ca and the Compton tail agree, as expected. Table 3.2 shows the nor-
malized ﬂuorescence intensity from Ca and several trace elements obtained from
single points in an inscribed glyph (foreground) and on the uninscribed surface
(background). The elements listed appear in every epigraph we have examined
and in quantities large enough that the ﬂuorescence is detectable at count times
on the order of 1 second, so statistical noise is small.
Considering the other inscriptions examined as a group, the intensities of the
metallic trace elements — iron, zinc, copper, and lead — vary by roughly an67
Table 3.3: Fluorescence intensities of less-common trace elements, normalized by
elastic scattering intensity, for the NYU epigraph and six ancient Latin epigraphs,
within an inscribed glyph (Fg) and from the background stone (Bg).
Epigraph Ga Se Rb Nb
NYU Fg 0.050 0.010 0.350 0.060
Bg 0.050 0.010 0.350 0.070
JHU 1059a Fg 0.005 0 0.015 0.006
Bg 0.004 0 0 0
JHU 1059a Fg 0.003 0 0 0
Bg 0.003 0 0 0
JHU 1156 Fg 0.004 0 0.003 0
Bg 0.004 0 0.010 0
JHU 1166 Fg 0.003 0 0.005 0
Bg 0.003 0 0 0
JHU 96 Bg 0.010 0.010 0.010 0
JHU.L.134 Fg 0.004 0 0.018 0
Bg 0.004 0 0.011 0
CIL VI 12139 Fg 0.003 0.001 0 0
Bg 0.003 0.001 0 0
order of magnitude between inscriptions and the intensities of Sr and Ca vary by
about a factor of three. The NYU inscription has average levels of Zn and Cu,
and somewhat more Fe and somewhat less Sr than any other inscription. The Pb
intensity is seven times larger than in any other inscription and 15 times larger than
the average. The Ca intensity is nine times smaller than in any other inscription
and 13 times smaller than the average. The NYU inscription contains four other
elements — Ga, Se, Rb, Nb — whose ﬂuorescence is at least an order of magnitude
stronger than in any other inscription. Of the six inscriptions examined at the same
time as the NYU inscription, only two show measurable Se ﬂuorescence and only
one show measurable Nb ﬂuorescence.
We can instead normalize the ﬂuorescence intensities of Ga, Se, Rb, and Nb by
that of one of the more common trace elements. Normalized by the Fe ﬂuorescence68
intensity, Ga and Se are no longer outliers in the NYU inscription. Normalized
by the Pb ﬂuorescence intensity, none of the four elements is an outlier in the
NYU inscription. This could indicate that Pb, Ga, Se, Rb, Nb all derive from the
same source (e.g., a particular mineral or surface contaminant) and that it is the
concentration of this source within the NYU inscription that is anomalous.
3.3.3 Calcium ﬂuorescence masking by trace elements
The NYU epigraph’s weak calcium signal could result if the excited Ca ﬂuores-
cence is absorbed by trace elements near the surface of the stone. Clear evidence
for such masking is seen within the glyphs of other epigraphs, where trace ele-
ment ﬂuorescence is higher and Ca ﬂuorescence is lower. By comparing the NYU
epigraph’s calcium ﬂuorescence with that of clean marble (whose trace element
concentrations are too small to produce signiﬁcant masking), we can estimate the
amount of masking elements required to produce the small observed Ca intensity.
We assume masking by iron and lead only, as these are the most abundant trace
elements.
One simple model is to assume that the iron and lead are present in a thin layer
on top of a slab of CaCO3, either as a homogeneous mixture of metallic iron and
lead or as a homogeneous mixture of iron oxide (Fe2O3) and lead oxide (Pb3O4),
oxides commonly used in pigments. The detector-to-sample distance combined
with the spectrum of clean marble yields the detector solid angle and incident X-ray
ﬂux. Assuming a Fe to Pb concentration ratio as determined by their ﬂuorescence
intensity ratio, matching the NYU Ca signal would require absorption by 12  m
of metal, 86% iron and 14% lead, or 22  m of oxides, 90% Fe2O3 and 10% Pb3O4.
However, a layer of metal or oxide of this thickness should produce about 15069
times more Pb and Fe ﬂuorescence than is observed and should be evident from a
visual inspection of the surface. Matching the NYU Fe and Pb intensities would
require ﬂuorescent emission from 41 nm of metal or 85 nm of oxide. But these
thin layers would attenuate the Ca ﬂuorescence by 1.2-1.5%, much less than the
observed reduction.
We can also model the stone near the surface of the epigraph as a homogeneous
mixture of Ca, Fe, and Pb. Matching the Fe and Pb ﬂuorescence requires stone
that is 99.3% Ca, but the Ca ﬂuorescence is only reduced by 1.5%. Matching
the Ca ﬂuorescence, with Fe and Pb in the appropriate ratio, requires stone that
is only 4% Ca, but the expected Fe and Pb ﬂuorescence is more than 150 times
greater than the observed ﬂuorescence.
Another possibility is that the Ca ﬂuorescence is being masked by an element
or material whose ﬂuorescence we cannot detect. Oxygen, an eﬀective X-ray at-
tenuator, is one candidate element. To account for the observed Ca ﬂuorescence,
an oxygen-rich material of density ρ and thickness t would require ρt = 300  m-
cm3/g, or a thickness of 100-150  m for typical densities; about half this thickness
would be required for a material rich in aluminum, magnesium, or silicon.
The ﬁnal, and we believe most likely, possibility is that the principal constituent
of the NYU epigraph is not calcite (CaCO3) or any other calcium-based mineral.
Instead, it may be an oxide of elements such as Si, Mg, and Al whose X-ray
ﬂuorescence lines are too low-energetic to be detected in our current setup.. This
includes Mg-rich dolomites, which have similar properties to calcite, and many
silica- and alumina-based stones.70
3.3.4 X-ray ﬂuorescence imaging
XRF imaging was used to examine correlations between the distribution of trace
elements and the presence of inscribed glyphs (Figure 3.5). Because of scan time
constraints, the statistics for each point in the two-dimensional mesh scans are
relatively poor compared with those presented above. Imaging was possible using
only Fe, Pb, Sr, Rb, Zn, and Ga. Neither Zn nor Ga showed any correlation to
the inscribed glyph. All other elements showed only intensity variations consistent
with shadowing due to surface topography, not with actual variations in elemental
concentration between the glyph and the background. Shadowing occurred because
our detector was roughly 30◦ from the surface normal. In this case, the ﬂuorescence
intensity is reduced on the detector side of an inscribed glyph and increased on
the opposite side. [36]
As shown in Figure 3.6 for JHU 1166, epigraphs that are not heavily weathered
or worn typically show much larger concentrations of trace elements in the inscribed
glyphs, presumably due to tool wear and remnants of the original paint layer. The
absence of any appreciable on-glyph to oﬀ-glyph concentration variations in the
NYU epigraph is conﬁrmed by a principal components analysis (PCA) of the spec-
tra using singular value decomposition [36]. The only component clearly correlated
with the inscribed glyph had a singular value of only 0.47% of the ﬁrst singular
value, compared with values of 1.5% to 10.7% for other examined epigraphs.
3.4 Discussion
The NYU epigraph’s most striking diﬀerences from other examined Latin epigraphs
are its very low calcium ﬂuorescence, its high trace element ﬂuorescence, and a71
Figure 3.5: Single-element XRFI images from a letter ‘D’ on the NYU epigraph;
from left to right and top to bottom: photographic image, coherent scattering, iron,
lead, rubidium, strontium. These images show only ﬂuorescence intensity varia-
tions consistent with shadowing due to surface topography; they do not show the
variation in trace element concentration between glyph and background typically
seen in epigraphs.72
Figure 3.6: Single-element XRFI images from a letter ‘V’ on JHU 1166; from left
to right, top to bottom: photographic image, zinc, iron, lead. These images show
trace-element variations typical for epigraphs.73
Figure 3.7: First ﬁve PCA coeﬃcient images (left) and basis vectors (right), from
most to least signiﬁcant.74
nearly complete absence of correlation between trace element concentrations and
the presence or absence of inscribed glyphs. From Tables 3.2 and 3.3, the calcium
ﬂuorescence is more than a factor of ten smaller and the lead ﬂuorescence is nearly
a factor of ten larger. The NYU epigraph also contains much higher concentrations
of the less common trace elements gallium, selenium, niobium, and rubidium, and
is the only epigraph examined to contain detectable levels of all four elements.
However, the ratio of the concentrations of these trace elements to the lead con-
centration in the NYU epigraph is not exceptional. More generally, the epigraph
shows many of the same trace elements observed in the other epigraphs examined.
The Ca ﬂuorescence could be masked by other elements present in the surface
of the stone, but our analysis shows that such masking cannot be due to any of the
elements that we could detect in our experiment. A more likely possibility is that
the stone is of a material other than marble or limestone, which would be unusual
for an authentic Latin epigraph.
The absence of any appreciable variation in trace element concentrations be-
tween the inscribed glyphs and the background stone has not been observed in any
other Latin epigraph whose surface shows so little evidence of weathering or wear.
One possible explanation is that diﬀerent tools or a diﬀerent method was used to
produce the glyphs on the NYU epigraph and that the glyphs were not painted
with metal oxide containing pigments. Another possibility is that the surface has
been exposed to an unusual kind of weathering or to a chemical treatment that re-
moved trace element residues from carving and painting. However, the surface and
its grain texture show no evidence of harsh treatment or any position-to-position
variations that such a treatment might be expected to produce. A third possibility
is that the original inscribed surface has been coated or encased in a material that75
is thick enough and comprised of suﬃciently strongly absorbing elements to mask
ﬂuorescence from the original inscribed surface. Again, visual inspection provides
no evidence for such treatment, and surface coatings common in Roman times were
primarily organic and thus would not produce adequate absorption.
3.5 Conclusions
A combination of XRF analysis and imaging has been used to examine a Latin
inscription of uncertain provenance. The stone appears to be of a material other
than marble and that is not rich in calcium, and its lettering may have been
produced using a diﬀerent method and/or using diﬀerent tools than the ancient
Roman inscriptions we have examined. The U. S. Epigraphy database lists 913
stone inscriptions, of which 885 are marble, 18 limestone, 5 travertine (another
form of CaCO3). Only ﬁve are on other types of stone (jasper, basalt, granite, and
unknown). Although no deﬁnitive conclusion can be drawn, the preponderance of
the XRF evidence together with a comparison of the photographs in Figure 3.1
strongly suggests that the NYU inscription is not of ancient Roman origin. A
determination of the base minerals of the inscription could help to strengthen this
claim. An XRF analysis of the inscription now held in Teano could settle the issue.
If its calcium ﬂuorescence, trace element concentrations, and correlation between
trace element concentrations and lettering are similar to the other ancient Roman
inscriptions we have examined, then we could deﬁnitively conclude that the NYU
inscription is a modern copy.76
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PRINCIPAL COMPONENTS ANALYSIS VERSUS
TWO-DETECTOR MEASUREMENTS FOR X-RAY
FLUORESCENCE IMAGING OF ANCIENT MARBLE
EPIGRAPHS
J. Powers, R. E. Thorne, K. Clinton, N. Dimitrova, D.-M. Smilgies
Synchrotron-based X-ray ﬂuorescence imaging (XRFI) is a powerful tool in art
and archeology, enabling the mapping of the concentrations of many elements si-
multaneously over the surface of an object. We have demonstrated the application
of XRFI to ancient Greek and Latin marble epigraphs [34]. Mapping ﬂuorescence
from trace elements over the surface of stones that had been inscribed with text
roughly 2,000 years ago showed a correlation between inscribed glyphs and higher
trace-element ﬂuorescence. This correlation is attributed to a combination tool
wear, painting, and weathering diﬀerences. In some cases, trace-element ﬂuores-
cence is higher where a glyph had been inscribed, despite the glyph having been
almost completely worn away. This suggests the potential use of XRFI to reveal
lost text in weathered and worn ancient epigraphs.
These XRFI scans are made using a single X-ray detector 150◦ from the inci-
dent X-ray beam (Figure 2.1). A shadowing eﬀect is observed in the ﬂuorescence
intensity maps, particularly in the calcium ﬂuorescence. The left side of a vertical
line inscribed in the stone faces away from the detector — the angle between the
local surface normal and the detector is greater than for the uninscribed surface
of the stone — and has lower calcium ﬂuorescence. The right side of the same line
faces toward the detector — the angle between the surface normal and detector
is lesser — and has higher calcium ﬂuorescence. The same eﬀect is not seen in
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horizontal lines, except at the endpoints of the line, which face away from and
toward the detector.
We conﬁrmed the association of the shadowing eﬀect with the local surface
normal by scanning with two detectors, the second positioned -150◦ from the in-
cident X-ray beam (Figure 2.1). Calcium ﬂuorescence intensity maps from the
second detector exhibit the same eﬀect, but on the opposite faces of vertical lines.
Normalizing the ﬂuorescence intensity for a selected element so that the average
intensity from a ﬂat region of uninscribed stone is the same for both detectors, a
map of the diﬀerence in ﬂuorescence intensity between the two detectors indicates
regions of the stone that produce changes in ﬂuorescence due to local surface fac-
ing (Figures 2.5 and 2.6). Mapping intensity diﬀerences for trace elements shows
that the shadowing eﬀect is present for these elements as well (Figures 2.7 and
2.8). This cannot be observed in single-detector ﬂuorescence intensity maps, be-
cause the diﬀerence in ﬂuorescence intensity between the uninscribed stone and
the inscribed lines is large enough to hide the shadowing eﬀect.
The shadowing eﬀect interferes with our qualitative examination of single-
element ﬂuorescence intensity maps, particularly for calcium, and has the potential
to interfere with future quantitative analysis. Data cannot be corrected for this
eﬀect from single-detector measurements alone — a proper model and either two-
detector measurements or measurements of the surface topography are necessary.
It is not convenient to regularly perform either measurement.
Applying principal components analysis (PCA), an often-used analytical method,
to the full X-ray spectrum results in separating out much of the shadowing eﬀect
and other ﬂuorescence variations. From the set of spectra that comprise an XRFI
scan, PCA constructs orthogonal basis spectra that maximize variance over the79
set of measurements [36]. If the spectrum of the nth pixel is Pn, then the ﬁrst
principal component vector V1 maximizes
P
n(Pn − V1)2 and Pn   Vk maps the
intensity of that PCA vector in the same way the intensity of a single element is
mapped. The zeroth PCA vector is the mean spectrum V0 =
P
n Pn/N.
The ﬁrst few PCA vectors and images for Volcelia are shown in Figure 2.10.
The 0th PCA vector — the mean spectrum — separates out, qualitatively, the
shadowing eﬀect. It gives an image similar to the two-detector diﬀerence and in-
dicates that this correlation appears in every element’s ﬂuorescence. The 1st PCA
image shows a band in the background of the stone with higher Ca ﬂuorescence.
The 3rd PCA image is clearly associated with the inscribed glyph and indicates
greater Ti, Fe, Zn, Pb, and Sr ﬂuorescence. Other PCA images do not appear to
be associated with any features on the stone and model either variations in trace
element concentration in the background stone or photon noise. In this scan, the
0th PCA vector expresses 68% of the measured photons. The 1st and 3rd PCA
vectors express 8.6% and 1.7% of the measured photons, respectively.
The ﬁrst few PCA vectors and images for another epigraph, Vitellio, are shown
in Figure 2.9. The 0th PCA image again shows the shadowing eﬀect, as seen in
Figure 2.5. The low-Ca diagonal stripe on the right is not seen in this image.
The 1st PCA image shows trace elements — primarily Hg — associated with the
layer of red paint, which is much thicker in the lower part of the glyph. The 3rd
and 4th PCA images show elements — primarily Fe and Pb — associated with the
inscribed glyph as well as the narrow horizontal guide lines carved above and below
the glyph. Other PCA images do not appear to be associated with any features
on the stone. In this scan, the 0th PCA vector expresses 65% of the measured
photons; the 1st, 3rd, and 4th PCA vectors express 7.8%, 2.5%, and 1.6% of the80
measured photons, respectively.
Principal components analysis enables us to separate out and either directly
analyze or ignore the part of our XRFI data associated with the shadowing eﬀect.
Other features in the data associated with large ﬂuorescence variations are also
identiﬁed. This is done with no parameters, no knowledge of the XRF setup
or epigraph, and no additional input on our part. This enables us to quickly
identify elements associated with features of interest on the epigraph and view
them without the inﬂuence of the shadowing eﬀect.APPENDIX A
EQUIPMENT AND SETUP AT CHESS
These experiments were conducted at CHESS’s D-Line station. The epigraphs
were mounted on an aluminum board attached to a 2- or 3-axis motorized trans-
lation stage. Fluorescent and scattered X-rays were measured with an X-Flash
X-ray detector and R¨ ontec multichannel analyzer (MCA). Video cameras inside
the hutch provided beam positioning information and allowed oversight of the
MCA and scanning motors. Ion monitors allowed the measurement of beam inten-
sity. Translation stage motors and data acquisition via the MCA, video cameras,
and ion monitors were controlled by CHESS electronics and a computer running
the SPEC software package.
A.1 Scanning stage
The majority of the data was taken using Arthur Woll’s 3-axis scanning easel.
Originally built for depth-sensitive, confocal X-ray ﬂuorescence imaging or paint-
ings, this stage has an in-plane (xz) scanning area of at least 50 cm × 50 cm with
a resolution of 2  m. It also has a depth-scanning (y) motor with a scanning range
of about 7 cm and a resolution much ﬁner than 2  m. The stage is mounted on a
heavy, rolling table. The height of the table can be adjusted to ensure the beam
is within the stage’s scanning area. Prior to use, the table’s four legs are extended
until the table’s weight is supported by them and its wheels no longer contact
the ﬂoor. This ensures that the table does not move while scanning. Unless the
table is being moved, the brake is always engaged; when in use, the table’s legs
are always extended. The scanning stage has a set of four clear-drilled holes that
align with a grid of tapped holes in the top of the table. Using these to secure the
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stage to the table aligns the stage so that the xz plane is parallel with the front
edge of the table and ensures that the stage does not move or fall during scanning.
Lead or concrete bricks can be used to further stabilize the table. The stage and
table have been tested for epigraphs weighing up to roughly 20 kg. Careful testing
should be conducted for heavier objects to ensure that neither stage nor table will
tip or fall and that the z-axis motor functions properly.
The aluminum mounting board is a 3/8” aluminum sheet with a 1.5” grid
of 3/8” clear-drilled holes. A shelf is attached perpendicular to the base of the
board. The board is secured to the scanning easel with a large aluminum bracket;
the bracket is screwed in to the easel and the board is attached to the bracket with
bolts running through four of the mounting holes on the board. The mounting
board and base are backed with neoprene to provide friction and prevent the stones
from being scratched by the aluminum.
Epigraphs are attached to the mounting board using threaded stainless-steel
rods and custom-made neoprene-backed aluminum pads. The rods are secured to
the mounting board with a pair of nuts (one on each side of the board). The
pad is then pressed against the stone and secured to the bar with another pair of
nuts. The force of the nuts straightening the pad applies force onto the front of the
epigraph, pushing it against the back of the mounting board. Three to four pads
per epigraph are used. Epigraphs are handled with nitrile gloves and are never
allowed to touch unprotected aluminum or steel
Earlier experiments were conducted using a pair of one-axis translation stages.
A z-axis stage with a 2” range of motion was mounted on a x-axis stage with a 12”
range of motion. The mounting board was then attached to this. This assembly
has since been recycled.83
A.2 X-ray detector
The X-ﬂash X-ray detector consists of a detector, a collimating cap, a power brick
and connector, and a serial cable. The detector is mounted on a pair of translation
stages to provide x-z translation using a mounting bracket. A short Klinger rail is
mounted onto the optical table using a pair of optical rail clamps. The translation
stage pair is then mounted onto the rail using a rail clamp, and the detector is
mounted on the z-axis translation stage. The rail is positioned between the X-ray
beam and the hutch door, oriented so that the viewing line of the detector is 30circ
from the X-ray beam line. The distance between the detector and the beam and
the distance between the scanning stage and the optical table should be chosen
such that the detector, with its 30◦ angle, is looking directly at where the beam
intersects with the surface of the epigraph. The motorized translation stages have
limited translation distance — a few centimeters — but can be used to optimize
the detector’s position once it is coarsely aligned. The X-ray detector should be
at the same height as the X-ray beam line. The multichannel analyzer consists of
a power cord, a serial cable, and the MCA itself. The X-ray detector connects to
the MCA, usually located inside the hutch near the cord exit area, and the MCA
connects to the station computer.
SPEC at D-Line is set up to run two X-ray detectors (with two MCAs) in
parallel. This can be used to conduct two-detector measurements.
A.3 In-hutch video cameras
The D-line hutch supports up to three video cameras inside the hutch, with a single
monitor and multi-camera switch outside. These cameras are used to position the84
beam, monitor the scanning stage for potential collisions during scanning, and
monitor the MCA display. For beam positioning, one camera is mounted near the
X-ray detector, opposite the detector, or on a rail on the hutch ceiling. The system
has crosshair overlay electronics, so a crosshair can be placed at the beam location.
A.4 Ion monitors
Ion monitors provide a signal roughly proportional to the X-ray beam intensity
passing through them. The primary use of the ion monitor signal is to normalize
the X-ray ﬂuorescence data by the incident beam intensity, either by acquiring
data for a set number of ion monitor counts instead of a set length of time or
by normalizing the data after acquisition. One ion monitor is installed at the
output of the monochromator and before the beam-deﬁning slits. It appears to
be accurate for beam intensity normalization, but it is aﬀected by drift in beam
position. An ion monitor positioned after the beam-deﬁning slits is more suited to
proper intensity normalization.
A.5 Beam-deﬁning slits
Beam-deﬁning slits block oﬀ all but a rectangular section of X-ray beam. The x
and z slits are controlled either manually or with a pair of motors (by SPEC).
Either type can and has been used to alter the beam size as necessary. After
setting the beam size, the center of the beam is found by scanning the pair of slits
in the x and z directions until the intensity maxima are found. The CHESS facility
also has capillary optics that can focus the X-ray beam to at least 20  m while
maintaining the intensity of a 1 mm square beam.85
A.6 Inhibit signal
An electronic signal from MacCHESS encodes whether the beam is ready for use
(up) or not (down). This can be connected to the counting electronics so that
data collection is paused while the beam is down. This is implemented in SPEC
by checking against a counter provided by the electronics and discarding and rec-
ollecting data points that fail this check. The signal from MacCHESS can be
disconnected manually, allowing data collection to be paused on demand. If the
inhibit signal is not enabled, data collection will continue during beam reﬁlls, re-
sulting in a series of data points with low intensities. If the inhibit signal is only
partially implemented, data collection will continue throughout the beam reﬁll for
a single point, resulting in that point having very high intensities.APPENDIX B
DATA COLLECTION AT CHESS
B.1 Preliminary measurements
After equipment setup and conﬁguration, the size and intensity of the X-ray beam
at the epigraph is measured. X-ray spot size is measured using burn paper, which
changes color where it is illuminated by the beam. Intensity is measured using an
ion monitor placed after the beam-deﬁning slits. As the beam intensity varies over
the course of a CHESS run, both the synchrotron current and other ion monitor
readings are measured at the same time. These are also recorded by SPEC during
data acquisition and can be used to determine the beam intensity for a particular
data point if a post-slit ion monitor cannot be used during scanning. If no epigraph
is thicker than 7 cm, preconﬁguration of the detector and video cameras can be
accomplished by moving the translation stage as close to the beam and detector
as possible (the y-axis minimum). Burn paper is taped directly onto the mounting
board to mark where the beam intersects the plane of the translation stage. Each
video camera is moved and focused so that this spot is in view and is marked by
the crosshairs. The X-ray detector is coarsely positioned so that it is as close as
possible to the beam spot without allowing the snout of the detector to block the
incident X-ray beam and so that the detector is “looking” at the beam spot.
B.2 Per-epigraph setup and measurements
First, the thickness of a particular epigraph is measured near the location to be
scanned. The translation stage is moved away from the detector (the +y direction)
this distance, so the point the detector and cameras focus on, determined in B.1,
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falls on the surface of the epigraph. The epigraph is mounted as described in A.1
using threaded rods and clamps. It is sometimes necessary to temporarily move
or remove the X-ray detector to ensure it is not damaged while mounting the
epigraph.
The translation range of the scanning stage, now in its new y-axis position
and bearing an epigraph, is tested to ensure that no part of the stage, epigraph, or
threaded mounting rods will collide with the optical table, X-ray detector, or other
equipment in the hutch. Software limits can be set in SPEC to prevent movement
into potential collision areas.
X-ray detector positioning is optimized by moving the detector as close to the
epigraph as possible without intersecting the incident X-ray beam, then using the
detector’s xz translation stage to maximize the X-ray count rate displayed on the
MCA. There is signiﬁcant potential for collision with other CHESS equipment
when moving the detector; a video camera placed to monitor the detector as it
is moved can help prevent collision. In most cases, a count rate of 100 to 350
thousand counts per second (kcps) can be achieved. Count rates above 350 kcps
are avoided to reduce detector dead time. Once detector positioning is optimized,
the detector-to-epigraph distance is recorded.
Marble epigraphs often ﬂuoresce in the visible spectrum. If this is the case,
the ﬂuorescing point shown on the video camera can be used to check crosshair
alignment.
B.3 Single-point spectra
To capture an XRF spectrum for a single point, a few commands are used. Pro-
vided the MCA scan mode is on, ct and uct will both display the MCA spectrum88
on-screen. The ct time command takes data for the speciﬁed time and displays
it; the uct time command updates the display every second during data collec-
tion. These are used to get rough ideas of the composition at a point, estimate
necessary count time, et cetera. The tseries command is used to measure a spec-
trum and output the data to an MCA ﬁle. This captures a time-series of data
points without changing motor positions. We only need one time slice, since the
epigraph does not change over time, so the command used is tseries 1 time.
The two valid formats for time are a positive number, which expresses a length
of time in seconds, and a negative number, which expresses a number of counts on
the signal that is set to “monitor”. The monitor signal is set to the output of the
most appropriate ion monitor (see A.4). Some older spectra were taken using the
mcad command instead, which takes the MCA output from the last ct or uct and
writes it directly to a ﬁle.
Each time a single-point spectrum is taken, the scan number and resulting
ﬁle name is noted along with a description of the point being examined and the
motivation for taking the data point. Single images of the point, illustrating the
examined location on the epigraph, are taken using the grab filename command.
As relatively few single-point spectra are taken in the course of examining an
epigraph, count times of roughly 300 seconds are used. Then, the ﬂuorescence
intensity from weak elements are well above the level of statistical noise.
Single-point spectra are useful for obtaining high-count-time data, but single
points are not necessarily representative of the region they are taken from. For
example, in many epigraphs the ﬂuorescence from iron varies signiﬁcantly both
within an inscribed glyph and in the uninscribed background of the stone. Most
trace elements’ ﬂuorescence intensities vary signiﬁcantly within an inscribed glyph.89
Single-point spectra cannot determine or express this behavior. Even so, they
are used to estimate trace element concentrations in uninscribed stone, inscribed
glyphs, guide rules, chips, and other features on the epigraph.
B.4 Mesh scans
Two-dimensional mesh scans are the primary tool in X-ray ﬂuorescence imaging.
Each point on a two-dimensional rectangular grid on the epigraph is examined
in sequence. The full spectrum from the MCA is saved at each point. First, a
region to be scanned is identiﬁed; this region usually includes from one to three
letters. The scan area generally includes a large enough section of the uninscribed
background to estimate trace element variation in the background. Prior to data
acquisition, the scan area is tested to ensure no collisions or blocking of the incident
or ﬂuorescent beams will occur. An image from the in-hutch video camera is taken
for each of the four corners of the scan to identify the scan area. A description of
the scan area as well as the ﬁle name, scan number, and command used is noted.
The command syntax is mesh motorA positionA1 positionA2 stepsA motorB
positionB1 positionB2 stepsB time. The time parameter is positive for sec-
onds or negative for monitor counts (see B.3). Mesh scans are typically done by
monitor counts rather than time, as the intensity of the incident beam varies signif-
icantly over the course of most mesh scans. The per-point count time is typically
between 1 and 10 seconds, depending on the intensity of trace elements of inter-
est, size of the scan, and time available. Below one second per point, the overhead
time of moving the epigraph in between each point becomes signiﬁcant. For each of
motorA and motorB, the name of a motor (usually rockx and rockz, respectively)
is speciﬁed. The parameters positionA1 and positionA2 are the initial and ﬁnal90
positions for motorA, measured in mm and in the motor’s absolute coordinates.
If positionA1 < positionA2, the motor will scan in the positive direction. This
is preferred, since scanning in the negative direction requires more time per point
due to the motor backlash correction. The number of steps in which to cover
this space, stepsA, should be |positionA2 − positionA1| divided by the beam
width, unless a scan coarser than the maximum available beam width is desired.
The mesh command divides the space between positionA1 and positionA2 into
stepsA steps, but takes data at both positionA1 and positionAB; thus there
are a total of stepsA1 + 1 points in the A direction. Selecting positions and a
number of steps is likewise done for the B direction. The total number of points,
then, is (stepsA + 1)(stepsB + 1). The scan is A-major, so if the A direction
is x and the B direction is z, the scan sequence is (x1,z1), (x2,z1), (x3,z1), ...,
(x1,z2), (x2,z2), etc. It is preferred to scan x-major, so that the z-motor does
less work and so the scan is more closely aligned with the reading orientation of
an upright epigraph.
A mesh scan should always be done with the MacCHESS inhibit (A.6) enabled,
as it is very likely a beam reﬁll will occur during a scan. If a scan is terminated
midway, it can be continued at the beginning of the line where it terminated by
creating a new scan with an appropriate positionA1.
B.5 In-hutch image capture
The in-hutch video are sensitive to lighting and often produce washed-out images
under normal lighting conditions. Two portable ﬂuorescent lamps are used for
creating lighting conditions that produce good brightness and contrast; one lamp
has had all but a narrow line along the line masked. The images captured using91
grab do not have the same brightness and contrast as the on-screen video images.
Useful lighting for these can be obtained by turning the overhead lights in the
hutch oﬀ but opening the door, producing a weaker, directional light that casts
appropriate shadows.APPENDIX C
ACQUIRED DATA
C.1 SPEC output
With the software setup at D-Line that was used, three types of ﬁles are produced.
The newfile command in SPEC begins a new SPEC ﬁle. This ﬁle contains in-
formation on each series command executed; the series commands of interest to
us are tseries and mesh. Series commands are numbered sequentially after the
newfile, beginning with 1, until another newfile command is executed. If the
MCA scan mode is on, then executing a series command also produces one or two
MCA ﬁles named based on the number of the series command. For example, if
newfile epigraph is followed by a mesh command, the mesh output will be scan
1 in the SPEC ﬁle epigraph and will produce an MCA ﬁle epigraph 1.mca. In
February 2006 and later, the MCA ﬁles are named epigraph 1.0.mca, where the
0 indicates the number of the detector. If a second detector is conﬁgured, a ﬁle
epigraph 1.1.mca for its data.
The SPEC ﬁle is human-readable ASCII text. The header gives the ﬁle name,
the date it was produced, and a listing of variables that are included in each scan. A
blank line follows the header. Each scan then has a section, in sequence. The scan
metadata is listed ﬁrst, on lines that begin with a # and a short character sequence
identifying the metadata. The scan number and command used to produce the
scan is given in the ﬁrst line, in the format #S N command, where N is the scan
number and command is a copy of the SPEC command used to produce the scan.
Following this are #D date, giving the date and time the scan was produced and #T
time (units), giving the count time for each point in the scan. If data collection
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is counted by time, units is sec and time is in seconds; otherwise, units is the
name of the monitor variable and time is a number of counts. The ﬁnal metadata
line is #L var1 var2 ... varN, where each element in the list is the name of
a variable. The lines following this do not begin with a # and are of the format
val1 val2 ... valN, where val1 is the value of var1 for that point in the
scan. There is a separate line for each point in the scan, followed by a blank line
indicating the end of the scan. For a mesh command, the variables of interest are
usually scanx and scanz (or rockx and rockz), the x and z motor positions; sec,
the length of time to acquire the data point; and the integrated counts on the
various ion monitors, such as Itot, Imon, and Idet. The points in the scan are
ordered chronologically (see B.4). If the scan terminates early, the last line of the
scan is a descriptive error message on a line beginning with a #.
The MCA ﬁle is also human-readable text, but with no metadata. Each point in
the scan, presented in the same order as the data in the SPEC ﬁle, has a sequence
of data lines, with points separated by a single blank line. Each data line consists
of a pair of numbers with the format channel counts, where channel is the
channel number of the MCA and counts is the number of photons counted for
that channel. Channels are numbered starting with zero and are always presented
in ascending order.
An MCA dump ﬁle is produced using mcad. The metadata that appears in the
SPEC ﬁle for a mesh or tseries scan appears at the beginning of the ﬁle, followed
by the list of channel-count pairs that would appear in an MCA ﬁle.94
C.2 Coordinates
The ordering of points in a scan, and thus the ordering of the data in the SPEC
and MCA ﬁles, is determined by the order in which the data is physically acquired.
At D-Line, the accepted coordinate system is for +x to be toward the center of the
synchrotron ring. Looking at the front of an epigraph mounted on the scanning
stage, +x is then to the right. The +z direction is up, and the +y direction is the
direction the beam travels in. The epigraph is mounted perpendicular to the beam,
and so travels in the x-z plane. As the position of the beam is ﬁxed, moving the
epigraph in the +x direction is analogous to moving the beam along the surface of
the epigraph in the -x direction. Without reconﬁguring the motors or redeﬁning
the coordinate system — both of which are possible — this means that translation
in +x corresponds to moving from right to left on the epigraph, and translation in
+z corresponds to moving from top to bottom. Most mesh scans are done in a z-
major order, so the coordinates of successive points are (x1,z1), (x2,z1), (x3,z1),
..., (xNx,z1), (xNx,z2), etc.
The typical coordinates for display on a screen deﬁne +x as from left to right
and +y as from top to bottom. If +z is simply renamed to +y, then in order to
display our data on-screen, the image must be ﬂipped in the x direction. These are
the coordinates used by the MCASPEC software. Typically, image data is stored
in row-major order and coordinate pairs are ordered with the x-coordinate ﬁrst.
The convention used for matrix mathematics, including the MATLAB software
package, is to have coordinate pairs with the row ﬁrst and column second. Because
of how matrices are displayed visually, it is also the convention when mapping
data in a matrix to a visual image to map columns to the image x coordinate
and rows to the y coordinate. Thus, when using matrix mathematics conventions,95
coordinates are referred to in the form (y,x). Whether matrix data is stored in
row-major or column-major order is usually not important unless you are using
built-in functions to read the one-dimensional data from a ﬁle and transform it into
a two-dimensional matrix. As mentioned previously, the one-dimensional data is
in row-major order. MATLAB uses column-major order, so a 5 × 7 image is read
as a 35 × 1 matrix, resized to 7 × 5, and then transposed. While MATLAB uses
column-major ordering, it still follows the convention of mapping columns to the
image x coordinate.
C.3 MCA data in MATLAB
As described in C.2, MATLAB inputs text ﬁles into matrices in human-logical for-
mat, so that columns are from left to right and rows are on successive lines. The
resize function necessary to load the multidimensional MCA data uses MAT-
LAB’s internal matrix representation, which is column-major.
The MCA data must ﬁrst be stripped of the unnecessary column labels. Below,
nx and ny are the dimensions of the scan in the x and y (z) directions, respectively,
and nchan is the number of MCA channels (usually 1024).
A = read(’epigraph_1.mca’);
B = A(:,2);
C = reshape(B, nchan, nx * ny);
D = C’;
The variable D now has one row for each measured point, in acquisition order.
Column n contains the X-ray counts for channel n. This form is appropriate for
processing with functions such as svd.96
If the data is somehow reduced to a single one-dimensional array that preserves
the order of the measured points, it can then be displayed as an image. Such
data can be extracted from the output of the svd command, or the X-ray counts
for a single channel can be extracted with X = D(:,channel);, where channel
is the channel number. The following will transform the data to image-display
coordinates.
Y = reshape(X, nx, ny);
Z = Y’;
W = fliplr(Z);APPENDIX D
PRINCIPAL COMPONENTS ANALYSIS
Principal components analysis is an analytical technique that constructs a set
of orthogonal basis vectors — principal components — that express a set of data
better than the direct measurements. PCA is useful for reducing the dimensionality
of a set of data, reducing noise, and ﬁnding metrics of interest. A common and
straightforward method of principal components analysis is to use variance as the
measure of the quality of a basis vector. Then, the ﬁrst PCA vector is the basis
vector such that the projection of the data onto that basis vector has the highest
variance. The second PCA vector is the basis vector orthogonal to the ﬁrst that has
the highest variance, et cetera. Measurements that are covariant will typically be
expressed by a single basis vector. If high variance is associated with an interesting
metric on your data (for example, the presence or absence of an inscribed line),
then the ﬁrst few basis vectors will be interesting, and high-order basis vectors
will model primarily noise. The majority of the data can typically be expressed
using a small number of basis vectors. Note that variance PCA assumes that the
measurements are linearly related. Variance PCA can be accomplished using the
singular value decomposition matrix technique, which is a well-known algorithm.
In applying PCA to our data, each point in a scan is an element in our data set
and the channels of the MCA (related to photon energy) form the measurement
basis. This ignores any positional relationship between points and only considers
the covariance between channels across all points. Since a single element produces
multiple peaks and each peak covers multiple channels, there are groups of highly
covariant channels. However, many elements are also covariant. We do not make
the data zero-mean ourselves. This is not a problem with singular-value decompo-
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sition; the ﬁrst basis vector returned is the mean spectrum.
In MATLAB, the svd command requires that each row in the matrix correspond
to a data point and that each column correspond to a measurement variable. The
conversion of MCA data to this form is described in C.3. SVD is then applied:
[U S V] = svd(D);
The matrix U contains the projections of the data onto the principal compo-
nents. The projection onto the nth principal component are:
X = U(:,n);
This is converted into an appropriate matrix as described in C.3.
The matrix V contains the principal component vectors. The vector correspond-
ing to the nth principal component is then:
P = V(:,n);
The matrix S contains the singular values in order along the diagonal. This is
both the variance of that principal component and the signiﬁcance of that principal
component. The original matrix X = USV’ (X = USV T), and the principal com-
ponent vectors in V and coeﬃcient vectors in U are normalized, so the singular value
is directly the signiﬁcance of that principal component. Plotting log(diag(S))
can be used to judge how quickly the principal components become insigniﬁcant.
Typically, the ﬁrst principal component — that is, the mean spectrum — ex-
presses eﬀects that inﬂuence the whole spectrum. This includes changes in beam
intensity, if the data is not intensity-normalized, and the inﬂuence of changing
surface angle. In “good” data, where the scanned glyph is relatively clear in
single-element scans, the second principal component is a measure of inscribed
glyph versus background and covers many trace elements. The next few principal99
components measure physical trace element variations in the stone that are not as-
sociated with the inscribed glyph. High-order principal components measure small
trace element ﬂuctuations and statistical noise. It also appears some high-order
principal components measure corrections. Variance PCA produces basis vectors
that are linear combinations of elements; channels that are related nonlinearly
produce eﬀects in higher-order principal components. The shadowing of Ca ﬂuo-
rescence by trace elements appears to produce a high-order principal component,
as does the gradual intensity loss and reﬁlling of the beam. In data that is not
as “good”, the ﬁrst few principal components often express physical trace element
variations not associated with the inscribed glyph; the inscribed glyph is expressed
in a slightly higher-order principal component.APPENDIX E
CONCENTRATION AND LAYER THICKNESS ESTIMATION
The transmitted intensity of an X-ray beam of incident intensity I0 and energy
E through a material with density ρ and thickness x is I = I0 exp{−ρx (E)},
where  (E) is the X-ray cross-section of the material at energy E. From dI =
−ρ (E)I0 exp{−ρx (E)} dx we get dI/I = −ρ (E) dx. This is the X-ray
intensity absorbed and scattered by the thin layer dx. A fraction of these X-rays
are absorbed photoelectrically; these X-rays can produce ﬂuorescence. This is
computed by using a diﬀerent cross-section,the photoelectric cross-section  ph(E).
Only a fraction of these X-rays are emitted as ﬂuorescent X-rays; this fraction is Φi,
where i is the identity of the X-ray line. Usually these are stated for whole groups
of X-ray lines, so ΦCaK is the fraction of absorbed X-rays emitted into the K-lines
for calcium. If the fraction of absorbed X-rays emitted into a single line, such as
Kα, is desired, an additional rate constant is necessary. So, with an intensity I,
photoelectric cross-section  ph(Ei) and ﬂuorescent yield Φ, we have the ﬂuorescent
X-ray production dIf = Iρ ph(E)Φ dx.
Consider a solid block of a single element with density ρ. Incident X-rays with
energy Ei enter with an angle α from the normal. A detector subtending a solid
angle Ω is an angle β from the normal. We consider the ﬂuorescence produced by
a thin section of the material of thickness dx. This thin section is within the block,
so that the incident X-rays must penetrate a distance x into the material to reach
it. The ﬂuorescent X-rays have energy Ef. There are three factors to consider:
the absorption of the incident X-ray beam by the material above the thin section,
the fraction of X-rays striking the thin section that become ﬂuorescent X-rays, and
the fraction of emitted ﬂuorescent X-rays that are absorbed by the material above
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the thin section as they exit. The ﬂuorescence intensity reaching the detector from
this thin section is then
dIf = I0 exp{−ρ (Ei)x secα} exp{−ρ (Ef)x secβ} ΩΦ ph(Ei)ρ dx
We also want to consider the absorption of ﬂuorescent X-rays by the air be-
tween the surface of the sample and the detector. This introduces a factor of
exp{−ρair  air(Ef)r}, where r is the distance from sample to detector. Note for a
detector of area A that Ω = A/4πr2 and that at this point the integrated X-ray
counts for a given peak is P = It, where t is the count time.
The values of ρ and   are diﬀerent if the material is some homogeneous com-
bination of elements. Suppose we have a combination of N elements, where each
element has a mass fraction in the material of wn, where
P
n wn = 1. The density
of a given element is ρn = ρwn, where ρ is the density of the material. The eﬀective
X-ray cross section of the mixture is simply  (E) =
P
n( n(E)wn). We then have
a modiﬁed ﬂuorescence intensity for the nth element,
dIf,n = I0 exp{−ρ (Ei)x secα} exp{−ρ (Ef)x secβ} ΩΦ ph,n(Ei)ρn dx
It becomes convenient at this point, albeit perhaps confusing, to deﬁne an
eﬀective cross-section
 
′(Ef) =  (Ei) secα +  (Ef) secβ
This includes absorption of X-rays both going to and coming from the bit of ma-
terial in question as well as accounting for the change in path length due to the
angle of the incident beam and detector. This simpliﬁes things somewhat:
dIf,n = I0 exp{−ρx 
′(Ef)} Ω ph,n(Ei)ρn dx102
Note that while  ′ depends on Ei, α, and β, these are usually ﬁxed parameters.
To get the ﬂuorescence from a very thick piece of material (much larger than
1/ρ ), we can integrate the above from 0 to ∞ to obtain
If,n = I0ΩΦn  ph,n(Ei)ρn/(ρ 
′(Ef)) = I0ΩΦnwn  ph,n(Ei)/ 
′(Ef)
We can deﬁne Kn = wnΦn  ph,n(Ei)/ ′(Ef), so we have If,n = I0ΩKn. The ﬂuo-
rescence from a piece of material of ﬁnite thickness is just the integral from 0 to
the thickness d:
If,n = I0ΩKn (1 − F(Ef,d))
where F(Ef,d) = exp{−ρ ′(Ef)d}. This holds for a thick piece of material, since
F(Ef,d) goes to zero for large d.
If the material we are interested in the ﬂuorescence from has a layer of another
material between it and the detector, the incident X-rays are reduced by a factor
of exp{−ρL  L(Ei)d secα} and the ﬂuorescent X-rays are reduced by a factor of
exp{−ρL  L(Ef)d secβ}. The product of these is simply a factor FL(Ef,dL) =
exp{−ρL  ′
L(Ef)dL}, as above, but with ρ and   appropriate to the intervening
layer. The ﬂuorescence, then, is
If,n = I0ΩKn FL(Ef,dL) (1 − F(Ef,d))
For a system of many layers, labeled so that layer 1 is topmost, the ﬂuorescence
from element n in layer m is
If,n,m = I0ΩKn,m (1 − Fm(Ef,n,m,dm))
X
l<m
Fl(Ef,n,m,dl)
We then have following for total counts in a given ﬂuorescence peak for element
n in layer m:
P0 = I0tΩ103
A(Ef) = exp{−ρair  air(Ef)r}
Pn,m = P0Kn,m(1 − Fm(Ef,n,m,dm)) A(Ef)
X
l<m
Fl(Ef,n,m,dl)
If we make some assumptions about the structure of the material — what com-
pounds are present in what layers — and the relative concentration of elements
not visible in ﬂuorescence, we can then determine the concentration of these com-
pounds in the material. This can be done directly if P0 is known. However, even
if P0 is not known, comparison to a known material under the same experimental
conditions can let us determine concentrations without having a direct value of
P0. PyMCA does this, in a sense, by allowing you to compute concentrations of
trace elements if the concentration of a major element in the matrix is known. We
can take this further and compute the concentration of elements if we know the
concentration of a major element in another sample but examined under the same
conditions.
For our experiments, note that the beam intensity I0 changes over time. How-
ever, the count rate on an ion monitor is proportional to I0, so if we have a total
number of ion monitor counts C, then P0 = P ′
0C/r2, where constants have been
combined into P ′
0.
Application to NYU epigraph
We used two models for the NYU epigraph. In the ﬁrst model, the stone was
considered a block of marble mixed with iron- and lead-containing compounds. In
the second model, the stone was considered a block of marble with a layer on its
surface containing a mixture of iron- and lead-containing compounds. For both
models, we considered two possibilities for compounds: Fe with Pb, and Fe2O3
with Pb3O4. A signiﬁcant beneﬁt of this method for the NYU estimation problem104
is that we can analyze the eﬀect of estimated parameters.
The constant P ′
0 was determined based on a block of marble, which should be
nearly pure CaCO3. Purity is not necessary for this particular application; quick
estimation using the above formulas indicates that if the marble contains normal
concentrations of trace elements, the calcium ﬂuorescence is not signiﬁcantly al-
tered. We are looking for drastic changes in calcium ﬂuorescence in this particular
epigraph. Further, we are trying to validate the hypothesis that the stone could
be CaCO3 mixed with or covered with Fe/Pb-containing compounds. We suspect
that there is too little calcium ﬂuorescence (or too little Fe/Pb ﬂuorescence) for
this to hold true. Impurities in our CaCO3 standard reduce the Ca ﬂuorescence
standard, making conﬁrming this hypothesis easier. Hence, if our estimates show
the hypothesis is not true, impurities in the CaCO3 are not a problem.
Likewise, the sample-to-detector distance r is unknown. We used 20 cm, a
reasonable estimate. However, we can notice that the amount of Fe/Pb ﬂuorescence
we would observe goes up as the distance r increases. The determination of the
constant P ′
0 depends on r, as exp{+ρair  air(ECaK)r}. The observed ﬂuorescence
of Fe or Pb then depends on r as exp{ρair r air(ECaK) −  air(EX)}, where X is
Fe or Pb. The value muair(ECaK) −  air(EX) is positive. Since we suspect we
see too little ﬂuorescence from Fe and Pb for the amount that must be in the
stone to block Ca ﬂuorescence, decreasing the expected observed ﬂuorescence from
these elements increases the ability to conﬁrm the hypothesis. Fortunately, there
is a distinct minimum for this factor, as r cannot be less than zero. Thus, if the
hypothesis is not true for r = 0, no value of r will make it true.
Using both r = 0 and the estimate of r = 20 cm, we approached this in two
ways for each model and selection of compounds. Using a P ′
0 computed from105
a spectrum from marble, we determined the amount of Fe and Pb necessary to
produce the observed amount of Ca ﬂuorescence. The amounts of Fe and Pb were
chosen such that the ratio of predicted Fe to Pb ﬂuorescence matched the ratio
of observed Fe to Pb ﬂuorescence. We then determined the amount of Fe and Pb
necessary to produce the observed amount of Fe and Pb ﬂuorescence, and applied
this to ﬁnd the amount of expected Ca ﬂuorescence.APPENDIX F
DATA ANALYSIS SOFTWARE
F.1 MCASPEC
The MCASPEC software, which runs under MATLAB, permits quick generation
of single-peak ﬂuorescence intensity maps. Energy calibration can be performed
by manually identifying a small number of peaks in the spectrum. Once a peak
of interest is identiﬁed, two channel ranges are speciﬁed. One range is used to
perform a linear background ﬁt that is then subtracted. The other range is the
integration range for the peak of interest. The sum over these channels, minus
the ﬁt background, is performed for each of the spectra that makes up an MCA
ﬁle. These results can then be corrected for detector dead time and normalized
by a recorded ion monitor count to adjust for changing incident beam intensity
during the scan. The ﬁnal results can be export for further processing or displayed
through MATLAB.
F.2 PyMCA
PyMCA1 is a useful open-source software package created by the ESRF and de-
signed to analyze XRF spectra. While it is not as convenient as MCASPEC for
quickly generating a single-element image, it is capable of doing good spectrum-
ﬁtting, can make many useful corrections, and can compute trace element concen-
trations.
1PyMCA is free software produced by the ESRF.
http://pymca.sourceforge.net/
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F.2.1 Data format
PyMCA expects the SPEC ﬁle format, but with the data from the MCA ﬁle
provided inline. In the per-scan metadata header, the following additional lines
are required:
#@AMCA %16c
#@CHANN 1024 0 1023 1
where 16 is the number of channels per line in the inline MCA data and 1024 is
the total number of channels in our data. Following the #L line listing variable
names for the data, a SPEC ﬁle contains one line of data for each point in the
scan. Following each line of data, there are 1024/16 = 64 lines in the following
format:
@AMCA Channel c1 c2 ... c16\
c17 c18 ... c32\
...
c1008 c1009 ... c1024
where each line except the last ends in a backslash, there are 16 data per line, and
cN is the number of counts in the Nth channel.
Multiple ﬁles produced by the mcad command can be combined into a single
ﬁle of this format. For SPEC/MCA ﬁles, there are two useful options. The whole
SPEC ﬁle can be converted, keeping only the ﬁrst point in each scan. This is useful
for tseries (single point) data. Alternately, we can convert only one scan out of
a SPEC ﬁle, but keep every point in the scan. This allows us to convert a mesh
scan to do further XRFI processing on the ﬁtted data. The data-ﬁtting procedure108
is too time-consuming to make converting an entire SPEC ﬁle and keeping every
point a standard procedure.
F.2.2 Capabilities
PyMCA has many capabilities we have made use of for analyzing XRF data. After
reformatting an MCA ﬁle as described in F.2.1 and opening it in PyMCA, a small
number of peaks are manually identiﬁed. The Fe Kα, Fe Kβ, Pb Kα, and Pb Kβ
peaks are usually selected, due to their prominence in most spectra. PyMCA then
computes a best-ﬁt detector energy calibration. Multipeak curve ﬁtting is set up by
specifying this detector energy calibration, a background ﬁt type, a ﬁtting region,
the beam energy, the peaks to be ﬁt, attenuators, and the matrix. A ﬁtting region
that excludes the spectrum below the Ca Kα peak and includes only part of the low-
energy tail of the Compton peak along with a high-order background ﬁt appears to
work well. The beam energy is easily found from the spectrum. All peaks visible
in the spectrum are selected to be ﬁt and are selected so that the Kα and Kβ or Lα
and Lβ peaks are ﬁt simultaneously, rather than with separate parameters. The
matrix is set to CaCO3 with the typical density of calcite, 2.7 g/cm3. Trace element
concentrations can be determined from fundamental parameters (incident photon
ﬂux, detector area, detector distance, and count time) or by setting an element
in the matrix as a reference. We have determined concentrations by setting the
calcium weight fraction to 0.4, appropriate for calcite.BIBLIOGRAPHY
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